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Abstract
Experimental investigation is required to obtain the nondimensional
coefficients
that
characterize
the
performance of new wind turbines and marine energy
extracting devices, such as tidal turbines. However, data
acquired from scaled models tested in tunnel facilities
suffers from wall blockage and therefore, corrections
must be applied to properly predict the performance of
the full-sized rotor. Analytical expressions based on the
axial momentum theory and correlating thrust coefficient
to an equivalent free stream velocity have traditionally
been used to correct power coefficients obtained
experimentally. For small models, accurate force
measurement is very difficult requiring a new post
processing methodology when thrust data is not avail
able. A methodology is presented in this paper that uses
the velocity field data at the rotor plane, obtained from
PIV measurements and CFD simulations, to account for
blockage without the requirement for thrust data. A
correction curve correlating axial induction factor and
power coefficient is obtained and will be utilized for
correction in future experiment testing.
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Introduction

An important amount of knowledge from wind
turbines and classical marine propellers can be applied
to the design and operational analysis of marine
turbines [1, 2]. However, relevant differences inherent
to flow characteristic and fluid properties of marine
turbines, such as density, high Reynolds number,
viscosity, turbulence, etc, must be taking into account
in the development processes of these machines.
Experimental investigation is required to validate
prediction codes and designs in this field. Scaled
models of Horizontal axis tidal turbines (HATTs) will
be tested in a pressurized water tunnel at the University
of Victoria in order to obtain a characteristic power
coefficient and to address the need for detailed rotor
wake measurements that will be used to validate
numerical prediction models. The experiment will be
conducted in water tunnel having a cross sectional area

Nomenclature:
PIV
CFD
V
V’
UF
T
P
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Punb
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Axial inflow velocity in the water tunnel
Axial velocity at the disk plane
Corrected axial velocity to stream conditions
CFD corrected axial velocity
Thrust coefficient
Thrust coefficient characteristic of water tunnel
domain
Thrust coefficient characteristic of unbounded
domain
Power coefficient
Power coefficient characteristic of water tunnel
domain
Power coefficient characteristic of unbounded
domain
Axial induction factor
Tip speed ratio
Water density
Momentum sink

Particle Image velocimetry
Computational fluid dynamic
Inlet axial velocity in water
Glauert’s equivalent axial freestream velocity
Bahaj’s equivalent open speed
Thrust force
Power
Power in the water tunnel domain
Power in the unbounded domain
Cross sectional area of the water tunnel
Cross sectional area at the disk
Thickness of the disk
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testing data to unbounded conditions. This method is
still widely used and has been adapted for wind turbine
experimental testing corrections [7], accounting for
negative thrust (relative to propellers which in
Glauert’s theory have positive thrust).
An improvement to the Glauert method was recently
developed by Mikkelsen and Sorensen for wind
turbines [9-11]. Also, based on the axial momentum
theory and the concept of equivalent free stream
velocity of Glauert [8], a new solution was presented to
account for the wall blockage effects of flow
expansion. This method has the advantage of working
with non-dimensional variables and obtaining the
corrected free stream velocity UC, in a straightforward
procedure.
Regarding tidal turbines, as yet little has been
developed to account for wall interference in
experimental testing. One good reference is provided
by Bahaj [10] who derived an analytical blockage
correction for wake expansion applicable to
experimental testing of tidal turbines. This analytical
correction is derived using an actuator disk model to
represent the rotor of the turbine, and applying the
principles of continuity and momentum and force
balance on the water between the far upstream and far
downstream at the tunnel facility. An equivalent water
speed UF, similar to the equivalent free stream velocity
V0 determined by Glauert [8], is obtained by applying
an iterative procedure, and later used to correct the
water tunnel measurements.

of 45 x 45 cm, with a maximum flow speed of 2 m/s.
The nominal rotor diameters will be 15 cm, and the
rotor swept areas to the water tunnel section will be
approximately 9% to limit blockage effects. The inlet
velocity is limited to 2 m/s. In order to maximize the
blade Reynolds number, and to obtain different tip
speed ratios, the rotational speed will be varied. The
velocity field in the near wake behind the rotor will be
acquired using Particle image velocimetry (PIV)
technique with digital technology [3-5]. The power
output will be estimated by measuring the reaction
torque and rotation speed.
A common issue that arises in this type of
experimental testing is that a large scaled model leads
to improved Reynolds similitude, but for a larger ratio
of the rotor swept area to the tunnel section area, the
greater the associated error due to blockage.
Consequently, larger models less accurately predict the
performance of the full scale turbine. Physically, the
walls of the water tunnel constrain the flow and cause
an increment in the velocity around the rotor, compared
to the inlet velocity. This effect leads to higher forces
and power outputs measured in the experiments relative
to unbounded flow conditions around the real machine.
So far, methods based on the axial momentum
theory are used to correct the characteristic power
coefficient, and consequently real power output [6–10].
However, the validity of these analytic corrections, as
the blockage ratio, the turbulence level, and rotor load
increase, is not clearly defined. Additionally, the need
for a new post processing methodology arises when
thrust data is not being measured in the experimental
testing.
This paper presents a methodology that utilizes the
velocity field data at the rotor plane obtained from the
PIV measurements, and Computational fluid dynamics
(CFD) simulations based on the actuator disk concept
to account for blockage without the requirement for
thrust data. The CFD values will provide an a-CP
correction curve to be utilized for processing the
experiment test data. Furthermore, to investigate the
validity of the conventional analytical expressions, a
comparison is made between analytical and CFD
correction results for different operational conditions
and blockage ratios.

2.

2.1 The actuator disk model within the tunnel
boundaries
The three reference models cited above represent the
rotor of the propeller [8] or turbine [9–11] by a disk
plane that causes a uniform pressure drop as the flow
goes across it [1]. The flow field is assumed to be
inviscid, irrotational, and incompressible over the
entire domain; also, two separate regions are clearly
defined: the region inside the streamtube and the region
between the streamtube and the walls of the tunnel.
However, while performing experimental testing in a
water tunnel, the viscosity and the turbulence in the
fluid will produce - to a greater or lesser degree
depending on the flow conditions - lateral flow mixing
between the wake and the region outside the
streamtube. Additionally, the larger the blockage ratio
and the rotor load, the larger the increment in the axial
induction factor, which leads to smaller velocities in
the wake and higher velocities downstream outside the
streamtube which eventually will cause the flow to mix
into the streamtube. These effects are accounted for in
standard Blade element momentum theory (BEM) used
to analyze rotors through empirical CT models, as the
simple momentum formulations of BEM theory break
down. Therefore, depending on the operational
conditions of the turbine being tested, and the relative
rotor size to the tunnel cross sectional area, analytical
expressions may not give accurate corrections. This
uncertainty motivates the current investigation to
determine the blockage ratio range in which analytical
corrections can be satisfactorily applied without

Tunnel Blockage Models

One of the first tunnel correction methods was
developed for propeller testing by Glauert [8] in the
late 1920’s. Glauert introduced the concept of
equivalent free air speed V0 which would produce the
same thrust and torque on the rotor as those observed in
the tunnel for the corresponding tunnel datum velocity
V. Both real and scale machine rotate at the same
angular velocity. To find the equivalent free velocity
V0, based on the actuator disk approach, the principles
of momentum balance, force balance, and continuity
are applied to the case of the device rotating in the
tunnel. Finally, an analytical expression correlating V0,
inflow tunnel velocity V, relative rotor/tunnel size, and
thrust coefficient CT is found and used to correct the
2
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Then, power coefficient in the water tunnel and
unbounded domain for a given thrust coefficient can be
expressed as in Eq. (5) and in Eq. (6):

incurring significant errors. In addition, rationalized
bounds on model size and testing thrust values are
required.
The models presented by Glauert [8], Mikkelsen and
Sorensen [9, 11], and Bahaj [10], provide a correlation
between CT and the ratio of equivalent open velocity
(UC) to tunnel velocity. Once the theoretical corrected
velocity is determined, by solving any of the methods
previously identified, the corrections to the
experimental characteristic coefficients are a
straightforward mathematical calculation. For a given
CT obtained from thrust measurement in the water
tunnel, there is a corresponding correction factor that
should be applied to get the equivalent characteristic
coefficient in open conditions. Corrections for the
power and thrust coefficients and the tip speed ratio λ,
as noted in reference [10] are:
,  ,
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It is important to notice that a difficulty arises in this
process when thrust data is not being acquired during
testing. To address this issue, in the current work, CFD
simulations are used to estimate the corrected free
stream velocity and to also provide a correction curve
relating the available experimental data and the
corrected velocity, as described in the following
paragraphs.
Figure 1 shows a curve for CP versus CT, and a curve
of CP versus axial induction factor a, simulated for
domains, the water tunnel and the unbounded region. ∆
is defined as the difference between the water tunnelpower coefficient CP,wt and the unbounded-power
coefficient CP,unb , f or a given CT value, as shown in
Eq. (4).
∆ ,  ,

(5)

,

(6)

Since CP,1 > CP,2 , for given CT value, it is clear that
   as defined in Eq. (5) and Eq. (6). However,
it is possible to define a corrected freestream velocity
Ucorr that will produce the same thrust force at the rotor
in the unbounded domain as in the water tunnel, for a
given velocity u1 across the disk, and when the turbine
is assumed to keep the same angular velocity [8].
Therefore, the same torque and the same power are
generated. For this corrected freestream velocity Ucorr,
the power in the water tunnel is the same as the power
in the unbounded domain    . Consequently,
CP,2 can be re written as in Eq. (7), where CP,1 is found
to be proportional to CP,2 by a factor K3, as shown in
Eq. (8). Hence, a correction factor K3, correlating
power and thrust coefficient, is obtained from CFD
simulations. In the same way, a curve correlating axial
induction factor and thrust coefficient is obtained,
providing the final axial induction factor/power
coefficient correction curve.
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3. Computational Fluid Dynamic (CFD)
Simulations
The academic version 12.0 of the commercial
package Ansys CFX was used for the threedimensional CFD simulations, and the structured mesh
over the domain was generated with ICEM.

(4)

3.1 Porous disk
Several approaches have been used to model the
aerodynamic of horizontal axis wind turbines [12].
Regarding the near wake, the porous or actuator disk
technique has been widely utilized in numerical
models, as well in experimental testing applied to
horizontal tidal stream turbines [13-14]. This porous
disk model has the advantage of requiring a reduced
mesh density compared to other available numerical
models for CFD simulations [12-14]. Thus, it is
computationally less expensive, and it is utilized to
simulate the blockage effects in this study. Because this
method conceptualizes the rotor as a plane which
extracts energy from the flow, a drawback of this
model is that the blades of the turbine are not

Figure 1 : Trend of Power coefficient v/s thrust coefficient in
water tunnel domains
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using a finite-volume method, and the K −Ω equation
was used to model the turbulence. A low turbulence
level (1%) characterizes the turbulence in the flume
that will be used for testing. For the convergence
criteria, a root mean square (RMS) of 1E-05 was used
as the residual target, which applied to the momentum
conservation equations.

simulated; however this approach is adequate to meet
the study purposes.
The total pressure drop that the actuator disk area
exerts on the fluid is represented by a unidirectional
momentum loss, or thrust force per volume unit, χ
applied at the disk volume. For the CFD simulations,
this momentum loss is rewritten in terms of the thrust
coefficient (CT), the upstream axial inlet velocity (U0),
the water density (ρ), and the thickness of the disk (t),
as presented in Eq. (9) as follow:
1
  
χ 2
!

4.

Results

The results from the CFD simulations are presented
in this section, where theory stands for the values of the
simple momentum theory without corrections.
Four different rotor sizes were computed in the CFD
simulations, corresponding to 5.5%, 9%, 20%, and 55%
blockage ratios, where the blockage ratio is defined as
the ratio of the rotor swept area to the cross-sectional
area of the tunnel (A/C). An averaged axial induction
factor was computed over the disk volume for each run.
The power coefficient CP was then computed as
function of the thrust coefficient CT , which is an input
to the simulations, and the axial induction factor, as
stated in Eq. (10):

(9)

The simulations were run over two different
computational domains. The first domain accounts for
the unbounded conditions where no wall prevents the
streamlines to expand freely, while the second
computational domain models the water tunnel, which
allows for comparison between experimental and full
scale conditions. Defining D (15 cm) as the diameter of
the scaled rotor being tested, the rectangular water
tunnel computational domain has a cross-sectional area
of 3Dx3D and a length of 15D, and the disk is placed
5D downstream of the inlet centered in the tunnel
section, corresponding to the experimental setup. The
unbounded rectangular computational domain is
defined with a section of 6Dx6D, 25D long, and the
disk located 5D downstream from the inlet. For both
cases, a structured mesh was generated using ICEM,
applying O-grid and blocking topology features that
facilitate the manipulation of the grid for a 3D model.
As detailed in the boundary conditions section next,
symmetry is applied to the original model described,
which allows the simulations to be run over a quarterdomain. By computing the simulations for four
different rotor sizes, the effects of blockage ratio were
explored. The thickness of the disc was fixed at 0.5%
of the rotor diameter (0.005D).

   "1  #$

(10)

The results for the power coefficient, for both
laminar and turbulent flow, for unbounded conditions,
present good agreement with respect to the theory up to
CT values of 0.8: see Figure 2. For higher values of CT,
the difference between the simulations and analytic
theory becomes larger. Also, in terms of power
coefficient, there is no significant difference between
the results obtained for laminar and low turbulence
level flow simulations. Further investigation is needed
to understand how larger turbulence levels affect the
model.

3.2 Boundary Conditions
A uniform axial velocity of 2 m/s was set up at the
inlet of the domains. At the outlet an average static
pressure was defined, with relative pressure equal to
zero. At the actuator disc a unidirectional momentum
loss χ (referring to Eq. (11)) was applied to account for
the pressure drop for each CT value computed. Since a
quarter domain was used, two symmetry planes were
applied, in the vertical and horizontal directions
respectively. This boundary condition was also active
for the area of the disc in contact with these symmetry
planes. For the unbounded domain, an opening
boundary condition, allowing fluid to cross the
boundary surface but keeping a constant pressure value
at the boundary, was applied to the walls. For the water
tunnel domain, a free-slip wall condition was used.
(Note that the effects of the boundary layer growth
within the tunnel have not been included in this study).
Laminar and turbulent flows were computed. The
Reynolds averaged Navier-Stokes (RANS) equations
were solved for a steady and incompressible flow,

Figure 2: CP V/S CT for turbulent flow conditions in
unbounded domain

Figure 3 shows the results for power coefficient to
thrust coefficient in turbulent flow conditions, for the
water tunnel domain. It is seen that for CT values higher
than 0.3, the increment in power coefficient with
respect the theory becomes noticeable, especially for
the larger rotors. It is found that as the blockage ratio
increases, the higher the maximum value of power
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coefficient obtained, which is also related to a higher
CT value. This effect was already mentioned by Garret,
in the study of the efficiency of a tidal turbine operating
in its optimum conditions [15]. Table 1 presents the
maximum value of the power coefficient found for each
blockage ratio in the CFD simulations.

Figure 5 shows a comparison between analytical
corrections and CFD corrections applied to the power
coefficient data simulated for the water tunnel domain.
The corrections were made utilizing the information
presented in Figure 4 and the relation stated in Eq. (8).
A good agreement is found for the smaller values of
blockage ratio, corresponding to 5.5% and 9%; whereas
for the highest blockage ratio of 55%, a noticeable
difference appears between the analytical and CFD
corrections.
At the Betz limit, the analytical
expressions seem to overestimate the corrections by 7%
and 20%, for a blockage ratio of 20% and 55%
respectively.

Figure 3: CP V/S CT for turbulent flow conditions in water
tunnel domain

Blockage Ratio

Max. CP
coefficient

Thrust
coefficient

5.5%

0.682

1.1

9%

0.727

1.2

20%

0.929

1.6

55%

2.835

6

Table 1: Maximum CP values

Applying the CFD correction methodology and Eq.
(8), the ratio of corrected velocity to inlet velocity is
found for the range of thrust coefficients, in turbulent
flow, and for the different blockage ratios. The results
are depicted in Figure 4. As expected, the equivalent
open velocity (Ucorr) is larger than the inlet velocity
(U0). Additionally, the corrected velocity increases as
the rotor load is increased (CT) and this later effect is
positively correlated to the blockage ratio.

Figure 5: Comparison between analytical and CFD power
coefficient corrections

Finally, a correction curve based on axial induction
factor-power coefficient a-CP is obtained for a 9%
blockage ratio that will be utilized to correct the
experimental data. The correction curve is depicted in
Figure 6 which provides information related to the
power coefficient increment expected for a given axial
induction factor.
Figure 4: CFD corrected velocity to inlet velocity for
different blockage ratios and operational conditions
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Conclusions

This paper presented a methodology for wall
interference correction, which is based on CFD
simulations, that is applied to found a correction curve
for the experimental data acquired in tunnel testing
facilities. This curve particularly correlates the axial
induction factor (a) and the power coefficient (CP)
simulated in the water tunnel, and an explicit curve a∆CP is derived to correct the dimensionless water
tunnel power coefficient (CP,wt) to freestream
conditions.
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An interesting outcome is that CFD results and
analytical expressions present good agreement (less
than 5% difference) for blockages ratios up to 10%. For
higher ratios of rotor-swept areas to tunnel section,
analytical expressions - based on the axial momentum
theory - seem to underestimate the power coefficient in
the water tunnel, which leads to higher analytical
correction factors compared to that obtained from CFD
simulations.
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As future work, the effects of the boundary layer
growth within the tunnel will be explored, and the CFD
models will be validated against experimental data.
Also, further research will be done to estimate
corrections due to wake expansion, using PIV wake
traces, in order to compare these corrected values to
numerical simulations.
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