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a b s t r a c t

In laboratory experiments involving wind or water turbines, it is often desirable to correct measured
performance for the effects of model blockage. However, there has been limited experimental validation
of the analytical blockage corrections presented in the literature. Therefore, the objective of this study is
to evaluate corrections against experimental data and recommend one or more for future use. For this
investigation, we tested a cross-flow turbine and an axial-flow turbine under conditions of varying
blockage with other non-dimensional parameters, such as the free-stream Reynolds and Froude
numbers, held approximately constant. Increasing blockage improved turbine performance, resulting in
higher thrust and power coefficients over a larger range of tip-speed ratios. We used these experimental
data to assess the effectiveness of multiple analytical blockage corrections for both turbine types. Of the
corrections evaluated, the two based on measured thrust performed best. These corrections were more
effective for the cross-flow turbine than the axial-flow turbine. We attribute this result to changes in the
local Reynolds number caused by increasing blockage, an effect not captured by the analytical theory. For
both turbines, the corrections performed better for thrust than power, which is consistent with the
assumptions that underlie the analytical theory.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Naturally occurring fluid flows, such as wind andwater currents,
are a promising source of renewable power. The turbines that
convert energy from these currents into electricity can operate in
confined flows, such as rivers and tidal channels, and experimental
investigations of scale models often take place in confined wind or
water tunnels. Flow confinement, or blockage, can significantly
alter the mechanical performance of a turbine, relative to operation
in an unconfined flow. The effects of blockage on propeller aero-
dynamics were examined in the early 20th century by Wood and
Harris [1] and Glauert [2]. More recently, analytical [3,4], numerical
[5e11], and experimental [12e18] studies have explored the effects
of blockage on wind and water current turbines. The magnitude of
these effects is related to the blockage ratio (b), a dimensionless
quantity defined as b ¼ ðAT þ ASÞ=AC , where AT is the projected
area of the turbine rotor, AS is the projected area of the support
structure, and AC is the cross-sectional area of the channel. Multiple
gye@uw.edu (B. Polagye).
studies have demonstrated that turbine performance changes
appreciably when the blockage ratio exceeds 5e10% [8,10,15,18].
Turbine performance can be described by the cycle-average power
and thrust coefficients (CP , CT ) over a range of tip-speed ratios (l),

CP ¼
CtuD

1
2 rAT CV

3
0D
; (1)

CT ¼
CTD

1
2 rAT CV

2
0D
; (2)

l¼RCuD
CV0D

; (3)

where t is the measured torque, u is the angular velocity of the
turbine, r is the fluid density, V0 is the free-stream velocity, T is the
thrust on the turbine, and R is the rotor radius. Note that P ¼ tu,
where P is the mechanical power produced by the turbine. For a
turbine operating at a given tip-speed ratio, higher blockage in-
creases stream-wise flow speeds through and around the rotor
[6,8,11,15]. These higher velocities at the rotor plane increase the
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turbine’s torque and thrust. However, the flow velocity far up-
stream of the turbine remains relatively unchanged. Therefore,
increasing the blockage augments a turbine’s power and thrust
coefficients for a given free-stream velocity and tip-speed ratio.
More detailed discussions about the effects of blockage on turbine
hydrodynamics are given by Houlsby and Vogel [4] and Consul et al.
[6].

Research on blockage effects has two primary motivations. First,
turbine testing is often conducted in laboratory facilities, such as
wind and water tunnels, or in numerical simulations with finite
domains. To accurately model full-scale conditions, the influence of
blockage on performance data collected at smaller scales must be
accounted for. Second, the observation that blockage can augment
turbine performance has inspired interest in the design of high-
blockage “fences” of current turbines [9], which would operate in
flows that are naturally constrained, such as rivers and tidal
channels. A better understanding of blockage could enable more
accurate predictions of the power output from such arrangements.

Over the past century, analytical methods have been developed
to account for blockage effects. These methods are often referred to
as “blockage corrections” and are the focus of this study. The first
such correction was developed by Glauert [2] for propellers tested
in wind tunnels. Glauert’s method is based on axial momentum
theory applied to an actuator disk (i.e., linear momentum actuator
disk theory) in a closed tunnel. The most common form of this
correction is an approximation based on the assumption that the
blockage ratio is less than 0.15. Glauert’s approximate correction
can be applied to turbines, but it has a limited range of applicability
due to a singularity as the thrust coefficient approaches unity [13].
Subsequent studies, following Glauert’s approach, have derived
corrections specifically for wind and current turbines. Here, we
focus on the corrections presented by Barnsley andWellicome [19],
Mikkelsen and Sørensen [20],Werle [21], and Houlsby et al. [22]. All
are derived from axial momentum theory applied to an actuator
disk in a flow confined either by rigid walls (e.g., a tunnel) or by
rigid walls and a free surface (e.g., a channel). These corrections
have seen widespread application to performance data from ex-
periments and simulations [8,12,15,16,23]. However, uncertainty
remains as to which corrections, if any, effectively account for
blockage [11,23,24].

Several previous studies have attempted to address the question
of correction efficacy. Kinsey and Dumas [11] simulated a cross-
flow turbine (i.e., “vertical-axis”, where the axis of rotation is
perpendicular to the flow direction) and an axial-flow turbine (i.e.,
“horizontal-axis”, where the axis of rotation is parallel to the flow
direction) operating in a water tunnel and applied the correction of
Barnsley andWellicome [19]. By comparing the corrected results to
simulations conducted in an unconfined domain, they concluded
that Barnsley and Wellicome’s method worked well for the axial-
flow turbine and was adequate for the cross-flow turbine. Simi-
larly, Segalini and Inghels [25] simulated blockage effects on an
axial-flow turbine using a vortex model and compared power and
thrust corrections estimated from this model to those given by the
actuator disk method of Mikkelsen and Sørensen [20]. Results from
the two methods agreed reasonably well, providing encouraging
validation of actuator disk corrections applied to realistic turbines.
Experimentally, Ryi et al. [17] applied Barnsley and Wellicome’s
correction to an axial-flow turbine tested in a closed-section wind
tunnel and found that corrected results agreed well with the same
turbine’s performance in an open-jet wind tunnel. Using similar
methods, Dossena et al. [18] conducted experimental wind tunnel
tests of a cross-flow turbine at a blockage ratio of 10% and under
conditions of negligible blockage. They compared an empirical
correction based on experimental data from the two conditions
with an analytical correction using Mikkelsen and Sørensen’s
method. They concluded that the analytical method predicted the
trend of the empirical correction but significantly underestimated
its magnitude. The authors recommended improving analytical
blockage corrections specifically for cross-flow turbines.

Several recent studies [11,13,26e28] have also examined the
effectiveness of blockage corrections originally derived for bluff
bodies [29,30], when applied to turbines. For example, Whelan
et al. [26] and Kinsey and Dumas [11] determined that Maskell’s
correction performs better than actuator disk methods when the
turbine rotor is heavily loaded.

Overall, previous research has concluded that actuator disk
corrections are adequate for axial-flow turbines and give mixed
results for cross-flow turbines. However, prior studies have evalu-
ated only one or two of the multiple blockage corrections proposed
in the literature. Because the effectiveness of a blockage correction
depends on the specific conditions under which it is applied (e.g.,
turbine and support structure design and tunnel or channel ge-
ometry), the relative accuracy of these corrections remains an open
question. To our knowledge, no systematic experimental validation
that considers both turbine archetypes and multiple analytical
corrections has been reported in the archival literature. This lack of
validation may be a consequence of the difficulty of undertaking
such experiments, which require varying blockage while control-
ling for Reynolds number dependence [31e33] and, in the case of a
free surface, the Froude number and submergence depth [8,34]. For
experiments conducted at transitional Reynolds numbers, this can
only be achieved by changing the physical dimensions of a tunnel
or the width of a channel. Therefore, the objective of the present
study is to experimentally evaluate blockage corrections for a cross-
flow and an axial-flow turbine by varying the blockage ratio while
other significant parameters are held approximately constant.

2. Experimental methods

To establish a baseline for the analytical corrections, a cross-flow
and an axial-flow turbine were characterized under high blockage
and negligible blockage by testing the turbines at experimental
facilities of different size. The subsequent sections describe the
turbines, facilities, experimental parameters, and methods of data
acquisition and analysis.

2.1. Turbines

The cross-flow turbine has four straight blades capped by cir-
cular end-plates. The turbine has a diameter (D) of 0.51 m and a
height of 0.31m. The aluminum blades are NACA-0018 airfoils, each
with a chord length of 0.06 m, mounted with a neutral preset pitch.
Two six-axis load cells, attached above and below the turbine, were
used to measure the forces and torque. The angular velocity of the
turbine was controlled by a servomotor, and a rotary encoder was
used tomeasure the turbine’s angular position. An acoustic Doppler
velocimeter measured the free-stream velocity at the turbine mid-
plane at a distance of 5 diameters upstream from the axis of rota-
tion. A schematic of the experimental set-up is given in Fig. 1(a),
and additional details about the data acquisition system are given
by Strom et al. [35].

The axial-flow turbine has three variable-pitch NACA-44xx
aluminum blades, a rotor diameter of 0.45 m, and a hub diameter of
0.11 m. For this study, the blades were fixed at a pitch angle of 0+. A
six-axis load cell mounted between the drive shaft and hub was
used to measure the forces and torque. The speed of the rotor was
regulated by a stepper motor, and the rotor position was measured
with an optical encoder. The free-stream velocity was measured
with an acoustic Doppler velocimeter located 3 diameters up-
stream of the rotor plane. Fig.1(b) shows a schematic of the turbine,



Fig. 1. Renderings of the cross-flow (a) and axial-flow (b) experimental turbines used
in this study.
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and further information about the blade geometry and instru-
mentation is given by Barber et al. [36].

2.2. Testing facilities

To achieve conditions of high and negligible blockage, the tur-
bines were tested in two facilities: the Alice C. Tyler flume in the
Harris Hydraulics Laboratory at the University of Washington (UW)
and the tow tank at the Jere A. Chase Ocean Engineering Laboratory
at the University of New Hampshire (UNH). The UW flume is a high
blockage environment consisting of a rectangular test section that
is 0.76 m wide, 0.60 m deep, and 3.7 m long. Two variable-
frequency pumps operating in parallel can achieve a maximum
flow speed of 1.2 m/s. A pool heater and chiller enable the water
temperature to be controlled between 10 and 35+C. The turbulence
intensity is approximately 2% under most operating conditions. The
UNH tow tank is a negligible blockage environment roughly 3.7 m
wide, 2.4 m deep, and 36 m long. The turbulence intensity is
approximately 0%, and the water is room temperature, between 20
and 22+C. Additional information about the UNH facility is given by
Bachant and Wosnik [37].

As detailed, there was a small difference in turbulence intensity
between the two facilities. Past studies have shown that decreasing
the turbulence intensity increases a turbine’s power and thrust
coefficients [38,39]. However, based on the magnitude of perfor-
mance change observed in these studies, it is assumed that the
impact of a decrease in turbulence intensity from approximately 2%
to approximately 0% is insignificant.

2.3. Non-dimensional parameters

The dimensions of the UW flume resulted in a blockage ratio of
0.36 for the cross-flow turbine and 0.35 for the axial-flow turbine.
The larger cross-section of the UNH facility yielded a blockage ratio
of 0.03 for the cross-flow turbine and 0.02 for the axial-flow tur-
bine. Consequently, the blockage effects at the UNH facility were
assumed to be negligible [10]. Wewill refer to data taken in the UW
flume as “confined” and data taken in the UNH tow tank as “un-
confined”. To measure only the effects of a change in blockage, we
attempted to hold all other important parameters approximately
constant: the chord-based Reynolds number, Rec ¼ ðcV0Þ= n, the
Froude number, Fr ¼ V0=

ffiffiffiffiffiffiffiffi
gd0

p
, and the submergence depth, dT ,

measured from the free surface to the top of the rotor. Here, c is the
blade chord length, n is the fluid kinematic viscosity, g is the ac-
celeration of gravity, and d0 is the undisturbed upstream water
depth, relative to the bottom of the channel. Under test conditions,
both turbines were operating at transitional Reynolds numbers:
31 000 for the cross-flow turbine and 14 000 for the axial-flow
turbine. To maintain a constant Reynolds number, all tests were
conducted at a free-stream velocity of 0.5 m/s and, because vis-
cosity is a function of temperature, the UW flumewas controlled to
match the temperature of the UNH tow tank. In the UW flume, the
turbines were centered horizontally between the channel walls and
vertically in the dynamic water column. This resulted in a sub-
mergence depth of 0.15 m for the cross-flow turbine and 0.08 m for
the axial-flow turbine. Both turbines weremounted in the tow tank
such that submergence depth remained constant between the two
facilities. However, the variation in overall channel depth from
0.60 m in the flume to 2.4 m in the tow tank resulted in a change in
the Froude number from 0.2 to 0.1. Given that no free surface
deformation was observed at either facility, it was assumed that
this variation in Froude number had a negligible effect on perfor-
mance compared to the changes in blockage [6].

Although both turbines were centered in the UW flume, the
aspect ratio of the channel resulted in higher horizontal blockage
for the cross-flow turbine and higher vertical blockage for the axial-
flow turbine. Kinsey and Dumas [11] defined the confinement
asymmetry as CA ¼ maxðbH =bV ; bV =bHÞ, where bH is the ratio of
turbine width to channel width and bV is the ratio of turbine height
to fluid depth. The authors concluded that a confinement asym-
metry that exceeds unity does affect performance, relative to a
turbine operating with symmetric confinement at the same
blockage ratio. However, they also found that confinement asym-
metry is negligible for CA<3. As the confinement asymmetry of
both turbines in the UW flume was approximately 1.3, we assume
performance was relatively unaffected by the channel aspect ratio.

2.4. Performance characterization

At each nominal operating condition (i.e., tip-speed ratio), per-
formance data were collected for at least 30 s. The time series were
trimmed to yield an integer number of rotor revolutions. To
calculate CP , CT , and l according to Eqs. (1)e(3), the quantities CtuD,
CTD, and CuD were averaged over each complete revolution of the
turbine rotor, and CV3

0D, CV
2
0D, and CV0Dwere averaged over the entire

sampling period for each operating condition. The free-stream
measurements were averaged in this way to minimize uncer-
tainty introduced by the convection of turbulence from the sam-
pling location to the rotor plane. These averaging methods
produced a set of cycle-average performance coefficients and tip-
speed ratios for every nominal operating condition. The median
of each set of cycle-average values was taken as the representative
CP , CT , and l, and the interquartile range was taken as the
uncertainty.

At each facility, the turbines were tested over the range of tip-
speed ratios that produced net power. The desired tip-speed ra-
tios were achieved by controlling the angular velocity of the tur-
bines while maintaining an approximately constant free-stream
velocity. Under this type of control, the measured torque was equal
to the hydrodynamic torque produced by the rotor [40]. The cross-
flow turbine’s forces, torque, and angular position were sampled at
a frequency of 1 kHz. The axial-flow performance was sampled at
approximately 50 Hz. Free-stream velocity data were collected at
64 Hz for all tests.

2.5. Wake characterization

One of the blockage corrections considered in this study re-
quires information about the wake structure. Because these data
were time-intensive to collect, wake measurements were taken
only at the tip-speed ratio corresponding to the peak power coef-
ficient. Wake data were collected at 100 Hz using two acoustic
Doppler velocimeters mounted on a three-axis, motorized gantry.



Fig. 2. Top view of the measurement grid used to collect wake data for the cross-flow
turbine. The dashed lines show the location of each cross-stream traverse.
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For both turbines, measurements were taken at 0.75, 1.25, 1.75, and
2.25 diameters downstream of the center of the rotor. At each
downstream location, the measurement grid consisted of a single
horizontal traverse in the cross-stream direction, with measure-
ments spaced 0.01 m apart. The traverses were centered vertically
relative to the turbine rotor. Fig. 2 illustrates the wake measure-
ment locations for the cross-flow turbine. A similar grid was used
for the axial-flow turbine. Rawmeasurements were despiked using
the method of Goring and Nikora [41], and data points with low
correlation values were discarded [42]. These measurements were
used to estimate the cross-sectional area of the wake (A1) down-
stream of each turbine. The values of A1 were determined by
calculating the position, in the cross-stream direction, of the
boundary between the core flow (fluid that passed through the
turbine) and bypass flow (fluid that passed around the turbine).
This boundary was taken as the point where the velocity in the core
flow equaled or exceeded the free-stream velocity. According to
theory, A1 is measured at the stream-wise location where the
pressure between the core and bypass flows reaches equilibrium.
This point is ambiguous without spatially-resolved pressure mea-
surements, which were not available for these tests. Therefore, the
wake area was estimated at each of the stream-wise locations
shown in Fig. 2. All four values were used in the analytical
correction, and the one which yielded the lowest error was
reported.
3. Analytical methods

Blockage corrections applied to confined performance data es-
timate the equivalent unconfined power coefficient (CP ’), thrust
coefficient (CT ’), and tip-speed ratio (l’),

CP ’¼
P’

1
2 rATV0’

3
; (4)

CT ’¼
T ’

1
2 rATV0’

2
; (5)

l’¼Ru’
V0’

; (6)

where the prime denotes an unconfined value. The methods
considered in this section are based on axial momentum theory
applied to an actuator disk in either closed channel flow (repre-
sentative of a closed-section wind tunnel or cavitation tunnel with
no free surface) or open channel flow (representative of a flume
with a deformable free surface). These methods are not suitable for
open-jet wind tunnels.
3.1. Glauert’s method

Although we do not directly evaluate the original propeller
blockage correction developed by Glauert [2], all of the methods
considered in this section are based, to a varying degree, on his
analysis. The assumptions that underpin Glauert’s derivation are
that the incoming flow is uniform, the propeller (or turbine) is two-
dimensional and has an infinite number of frictionless blades,
thrust over the entire rotor is uniform, the wake does not rotate,
and the effects of boundary proximity and channel aspect ratio are
insignificant.

Given performance data collected at a constant operating con-
dition in confined flow, Glauert’s method computes V0’, the free-
stream velocity that, in an unconfined flow, would produce the
same values of thrust and stream-wise velocity through the rotor
(uT ) at the same angular velocity, i.e.,

T ’¼ T ; (7)

uT ’¼uT ; (8)

u’¼u: (9)

Glauert does not specifically address power, but to correct CP ,
subsequent authors have invoked the definition of power absorbed
by an actuator disk,

P¼ TuT : (10)

Combining Eqs. (7), (8) and (10) yields

P’¼ P: (11)

Dividing Eqs. (4)e(6) by Eqs. (1)e(3), respectively, and using the
equalities in Eqs. (7), (9) and (11) yields expressions for CP ’, CT ’, and
l’ as functions of V0’:

CP ’¼CP

�
V0

V0’

�3
; (12)

CT ’¼CT

�
V0

V0’

�2
; (13)

l’¼ l

�
V0

V0’

�
: (14)

For a turbine, blockage increases uT for a given V0. Therefore, the
free-streamvelocity that gives the same uT in an unconfined flow is
typically higher (i.e., V0’>V0). By calculating the equivalent un-
confined power coefficient, thrust coefficient, and tip-speed ratio
using V0’, Glauert’s correction can account for the performance
increase that a turbine experiences in confined flow.

The equivalent unconfined free-stream velocity V0’ is estimated
by first applying the principles of continuity, conservation of axial
momentum, and the Bernoulli equation to an actuator disk in
confined flow. This yields a system of four equations,

uTAT ¼u1A1; (15)
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u2ðAC �A1Þ¼V0AC � uTAT ; (16)

T ¼ 1
2
rAT

�
u22 �u21

�
; (17)

T þ 1
2
rAC

�
V2
0 �u22

�
¼ rA1u1ðV0 �u1Þ þ rðAC �A1Þu2ðV0 �u2Þ;

(18)

where u1 is the velocity of the core flow and u2 is the velocity of the
bypass flow. It should be noted that Eqs. (15)e(18) apply to an
actuator disk that extracts energy from the flow (i.e., a turbine).
Therefore, the thrust in Eqs. (17) and (18) is oppositely signed from
the thrust in Glauert’s original derivation, which applies to an
actuator disk that adds energy to the flow (i.e., a propeller).
Assuming uT has been estimated from Eqs. (15)e(18), the uncon-
fined free-stream velocity can then be found by introducing a fifth
equation: the expression for thrust in unconfined flow obtained
from momentum conservation,

T ’¼2ruT ’AT ðV0’�uT ’Þ: (19)

Combining Eqs. (2), (7) and (8) with Eq. (19) yields a solution for
V0’:

V0’ ¼
V0

�
ðuT=V0Þ2 þ CT

.
4
�

uT=V0
: (20)

Once V0’ is known, the unconfined coefficients CP ’, CT ’, and l’ can
be calculated for each operating point using Eqs. (12)e(14).

Specific corrections for a turbine operating in closed or open
channel flow, as presented by Barnsley and Wellicome [19], Mik-
kelsen and Sørensen [20], Werle [21], and Houlsby et al. [22] are
described separately in the following sections. The correction given
by Maskell [29] for bluff bodies is contrasted in Section 5.5.
3.2. Closed channel flow

Several methods have been proposed to account for the effects
of blockage in a channel without a free surface. All methods
reference the streamtube model shown in Fig. 3. The first method,
developed by Barnsley and Wellicome [19] and introduced to the
marine energy research community by Bahaj et al. [12], applies
Glauert’s axial momentum theory analysis [2] to a turbine rather
than a propeller. A second method, developed by Mikkelsen and
Sørensen [20], also follows Glauert’s analysis. However, it provides
an alternative closure to the correction presented by Barnsley and
Wellicome. A third method, derived by Werle [21], applies
Fig. 3. Streamtube model of an actuator disk in
simplifying approximations to Glauert’s theory.

3.2.1. Barnsley and Wellicome’s method
To apply the correction given by Barnsley and Wellicome [19]

(BW), measurements of AT , AC , V0, T, and r must be available. If so,
Eqs. (15)e(18) become a closed systemwith four unknowns: A1, uT ,
u1, and u2. Although a compact analytical solution to these equa-
tions does not exist, individual solutions can be obtained for certain
operating conditions. By rearranging Eqs. (15)e(18), an iterative
scheme is developed to solve for the ratio uT=V0. This scheme
consists of three equations:

uT
u1

¼
�1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ b

�
ðu2=u1Þ2 � 1

�r
bðu2=u1 � 1Þ ; (21)

V0

u1
¼u2
u1

� b

�
uT
u1

��
u2
u1

�1
�
; (22)

V0

u1
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðu2=u1Þ2 � 1

CT

s
: (23)

The solution is found by guessing a reasonable value for u2=u1
and solving Eq. (21) for uT=u1. Using these values of u2=u1 and
uT=u1, Eqs. (22) and (23) can be solved for the ratio V0=u1. If the two
values of V0=u1 do not match, a new value of u2=u1 should be
selected, and the scheme repeated until the error between Eqs. (22)
and (23) is minimized. Note that solutions only exist for values of
the input parameters that yield physical results, e.g., u2 >uT >u1,
V0 >uT , and u2 >V0. With uT=u1 and V0=u1 known, the ratio uT=V0
can be found. Given uT=V0, V0’ can be calculated using Eq. (20), and
CP ’, CT ’, and l’ can be estimated at each operating point using Eqs.
(12)e(14). A summary of this method is presented by Bahaj et al.
[12] and derived by Kinsey and Dumas [11]. While the original
technical report [19] does not appear to be publicly available, given
limited comments on blockage corrections in subsequent work
[43], the primary reference is unlikely to containmore detail than is
presented in the secondary sources.

3.2.2. Mikkelsen and Sørensen’s method
Mikkelsen and Sørensen [20] (MS) proposed a correction that

presents an alternative closure to Eqs. (15)e(18). As with Barnsley
and Wellicome’s correction, it is assumed that AT , AC , V0, and r are
known. However, A1 is measured rather than T. This method rear-
ranges Eqs. (15)e(18) to solve for the unknown parameters uT , u1,
u2, and CT directly, with no iteration required. Even if measure-
ments of T or CT are available, they should not be used in
conjunction with this method, as the system of equations would
closed channel flow with no free surface.
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become overdetermined. The correction consists of the following
four equations:

uT ¼
V0ðA1=AT Þ

�
bðA1=ATÞ2 � 1

�
bðA1=ATÞð3A1=AT � 2Þ � 2A1=AT þ 1

; (24)

u1 ¼
uTAT

A1
; (25)

u2 ¼
AT ðV0 � buTÞ
AT � bA1

; (26)

CT ¼
u22 � u21

V2
0

: (27)

Once uT and CT have been calculated, the unconfined velocity
V0’ can be found using Eq. (20) and the unconfined turbine per-
formance parameters calculated using Eqs. (12)e(14). This method
highlights the fact that Eqs. (15)e(18) can be solved multiple ways,
as long as adequate measurements are available to close the
system.

3.2.3. Werle’s method
The final closed channel blockage correction considered in this

study was developed by Werle [21]. This method is also based on
Eqs. (15)e(18) but makes several approximations that allow the
unconfined parameters CP ’, CT ’, and l’ to be calculated as functions
of the blockage ratio alone, without an intermediate calculation of
V0’. These approximations are given as

CP ’
CP;max’

z
CP

CP;max
; (28)

CT ’
CT;max’

z
CT

CT ;max
; (29)

uT ’
uT;max’

z
uT

uT ;max
; (30)

where the expressions for CP;max’, CT ;max’, and uT ;max’ are given by
the well-known Betz criterion [44,45] as

CP;max’¼
16
27

; (31)

CT;max’¼
8
9
; (32)

uT;max’¼
2
3
V0’; (33)

and the expressions for CP;max, CT ;max, and uT ;max are given by Gar-
rett and Cummins [3] as

CP;max ¼
16
27

1

ð1� bÞ2
; (34)

CT;max ¼
8
9

ð1þ bÞ
ð1� bÞ2

; (35)

uT;max ¼
2
3

V0

ð1þ bÞ : (36)
Substituting Eqs. (31)e(36) into Eqs. (28)e(30) gives corrections
for CP, CT , and uT , which Werle presents as

CP ’zCPð1� bÞ2; (37)

CT ’zCT
ð1� bÞ2
ð1þ bÞ ; (38)

uT ’
V0’

z
uT
V0

ð1� bÞ: (39)

Applying Eqs. (8) and (14) to Eq. (39) yields an expression in
terms of the tip-speed ratio,

l’zlð1� bÞ: (40)

Based on an independent re-derivation of Werle’s method, Eqs.
(39) and (40) appear to contain sign errors and are inconsistent
with the rest of the model. If treated consistently, the equations
should be given as

uT ’
V0’

z
uT
V0

ð1þ bÞ; (41)

l’zlð1þ bÞ: (42)

However, because the purpose of this study is to evaluate
blockage corrections as presented in the literature, the tip-speed
ratio correction given by Eq. (40) was applied to our experimental
data without modification.

3.3. Open channel flow (Houlsby et al.’s method)

An analytical model for an actuator disk in flow with a
deformable free surface was first developed by Houlsby et al. [22]
(Houlsby). As with Glauert’s model for closed channel flow, this
model was derived by applying continuity, conservation of axial
momentum, and the Bernoulli equation to an actuator disk in
confined flow. However, the free surface of the flowwas allowed to
deform, as shown in Fig. 4. This yields seven equations, which can
be rearranged and expressed as a system of two equations:

u1 ¼
Fr2u42 �

�
4þ 2Fr2

�
V2
0u

2
2 þ 8V3

0u2 � 4V4
0 þ 4bCTV

4
0 þ Fr2V4

0

�4Fr2u32 þ
�
4Fr2 þ 8

�
V2
0u2 � 8V3

0

;

(43)

u1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u22 � CTV

2
0

q
: (44)

As with the closed channel model, analytical solutions to Eqs.
(43) and (44) do not exist. However, specific solutions can be found
using an iterative method. To apply the correction, measurements
of AT , AC , V0, T, r, and d0 are required. The solution method consists
of guessing a reasonable value for u2, solving Eqs. (43) and (44)
separately for u1, and iterating until the two values of u1 are
equal. With u1 and u2 known, the stream-wise velocity through the
turbine can be calculated as

uT ¼
u1ðu2 � V0Þ

�
2gd0 � u22 � u2V0

�
2bgd0ðu2 � u1Þ

: (45)

The unconfined free-stream velocity and turbine performance
parameters can then be found from Eqs. (20) and (12)-(14).

This open channel flow model is referenced by Whelan et al.
[26] and Houlsby and Vogel [4]. Whelan et al. [26] used this model
as the basis for a blockage correction that can be applied within a



Fig. 4. Streamtube model of an actuator disk in open channel flow with a deformable free surface.

Fig. 5. Confined and unconfined power and thrust coefficients for the cross-flow (a, b)
and axial-flow (c, d) turbines. The shading represents the measurement uncertainty at
each tip-speed ratio, as estimated from the interquartile range of cycle-average per-
formance. In some instances, the uncertainty range is smaller than the plot markers,
and therefore not visible.
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blade element momentum code. Houlsby and Vogel [4] explored
solutions to this model over a range of operating conditions.
However, to our knowledge, it has not previously been cast as an
analytical blockage correction.

3.4. Summary of analytical methods

All of the blockage corrections considered in this section are
grounded in Glauert’s derivation [2]. In his original work, Glauert
presented a set of equations that can be used to solve for V0’ and,
therefore, calculate the equivalent unconfined turbine performance
coefficients. Glauert also proposed a linearization of this model that
provides a simpler method of estimating V0’ when the blockage
ratio is less than 0.15. While Glauert’s derivation applies to pro-
pellers, it can easily be adapted to turbines by reversing the di-
rection of thrust to yield Eqs. (15)e(20).

Barnsley and Wellicome [19] and Mikkelsen and Sørensen [20]
use measured quantities to solve Eqs. (15)e(18) for unknown pa-
rameters, calculate V0’ using Eq. (20), and estimate the unconfined
performance coefficients using Eqs. (12)e(14). The only difference
between these two methods is Barnsley and Wellicome’s use of
thrust to close the system and Mikkelsen and Sørensen’s use of the
wake area. The correction presented byWerle [21] uses expressions
for the maximum theoretical power coefficient and corresponding
thrust coefficient and stream-wise velocity through the rotor in
confined and unconfined flow. In confined flow, these expressions
can be derived from Eqs. (15)e(18), following themethod of Garrett
and Cummins [3]. In unconfined flow, these expressions are given
by Lanchester [44] and Betz [45]. Although Werle’s correction is
based on Glauert’s theory, it relies on assumptions that yield a
model distinct from the other closed channel corrections. The open
channel flow model given by Houlsby et al. [22] is a generalization
of Eqs. (15)e(18) to allow for a deformable free surface. So, if the
free surface does not deform, Houlsby et al.’s correction reduces to
the model used by Barnsley and Wellicome and Mikkelsen and
Sørensen.

3.5. Estimation of correction error

The effectiveness of each blockage correctionwas evaluated by a
measure of the difference between the corrected CPðlÞ and CT ðlÞ
curves relative to the unconfined performance curves. This error
metric was computed as the projection of the Euclidean distance
(positive definite scalar quantity) between uniformly sampled
points on the corrected and unconfined curves into CP , CT , or l

space. These distances were then normalized by the corresponding
values on the unconfined curves to calculate a relative error. The
mean of these values, over all operating conditions that produced
net power, was taken as an estimate of correction error. Since
Mikkelsen and Sørensen’s method required wake data, it was
applied only at the tip-speed ratio corresponding to the peak power
coefficient. Therefore, the error of each method was estimated at
this single point as well.

4. Results

4.1. Performance and wake characteristics

The power and thrust coefficients measured under confined and
unconfined conditions [46] are shown in Fig. 5. For both turbines,
blockage produces a higher peak power coefficient at an elevated
tip-speed ratio. Furthermore, the thrust coefficient at the point of
peak CP is increased, and the turbines produce net power over a
wider range of tip-speed ratios. These results are in agreement with
previous findings [6]. Interestingly, the overall trend of an increased
CP at high blockage reverses or becomes negligible at lower tip-
speed ratios. Past studies have reported an insensitivity of CP to
blockage at low tip-speed ratios for both cross-flow and axial-flow
turbines [6,8,11]. For cross-flow turbines, Consul et al. [6] and
Kinsey and Dumas [11] attribute this to the effects of dynamic stall.
Cross-flow turbines experience a range of angles of attack
throughout a single revolution. At lower tip-speed ratios, the angles



Table 1
Non-dimensional wake area (A1=AT ) at four stream-wise locations.

X= D 0.75 1.25 1.75 2.25

Cross-flow turbine 1.10 1.14 1.16 1.19
Axial-flow turbine 1.11 1.11 1.11 1.06

Fig. 7. The results of applying Werle’s correction to the confined performance data
from the cross-flow (a, b) and axial-flow (c, d) turbines.

H. Ross, B. Polagye / Renewable Energy 152 (2020) 1328e1341 1335
of attack undergo higher fluctuations, which can lead to dynamic
stall. As blockage increases, the flow speed through the rotor tends
to increase as well, decreasing the effective tip-speed ratio and
further encouraging dynamic stall. Therefore, any gains in CP
caused by higher flow speeds through the rotor are negated by
increased dynamic stall. However, as shown in Fig. 5, an increased
blockage ratio has a negative, rather than neutral, effect on the
power coefficient of the cross-flow turbine at low tip-speed ratios.
As prior studies are based on numerical simulations, this discrep-
ancy could be explained by the difficulty of accurately modeling
dynamic stall.

As described in Section 2.5, the cross-sectional area of the wake
downstream of both turbines was estimated from velocity mea-
surements. Table 1 presents the values of A1, nondimensionalized
by AT , at each of the four stream-wise positions shown in Fig. 2.
These values were used only when applying Mikkelsen and
Sørensen’s correction.

4.2. Application of blockage corrections

4.2.1. Barnsley and Wellicome’s method
Fig. 6 presents the results of applying Barnsley and Wellicome’s

correction to the confined data. The uncorrected, confined data are
superimposed for reference. If the correction had worked perfectly,
the corrected data would have collapsed onto the unconfined
performance curve. Although some discrepancies remain, the
correction generally accounts for the effects of blockage on the
power and thrust coefficients of both turbines.

4.2.2. Werle’s method
Fig. 7 shows the application ofWerle’s correction to the confined

performance data. Although the correction performs adequately for
the magnitude of the power coefficient, it significantly over-
corrects the thrust coefficient and tip-speed ratio. As mentioned
in Section 3.2.3, the tip-speed ratio correction given by Eq. (40) is
Fig. 6. Application of Barnsley and Wellicome’s correction to the confined perfor-
mance data from the cross-flow (a, b) and axial-flow (c, d) turbines.
not consistent with the rest of the derivation. However, the modi-
fied form given by Eq. (42) further reduces the corrected tip-speed
ratios, increasing the disagreement between corrected and un-
confined performance (not shown).
4.2.3. Houlsby et al.’s method
Fig. 8 presents the results of Houlsby et al.’s correction which,

unlike the previous two methods, allows for a deformable free
surface. The results of this correction are almost identical to those
from Barnsley and Wellicome’s method (Fig. 6).
4.2.4. Mikkelsen and Sørensen’s method
Fig. 9 gives the results of applying Mikkelsen and Sørensen’s

correction. Unlike the previous methods, a single operating point
(peak CP) was evaluated rather than the full CP and CT curves, as
wake data could not be collected in a timely manner for all oper-
ating conditions. All of the values for A1=AT presented in Table 1
were evaluated, and it was determined that X=D ¼ 2:25 gave the
least error for the cross-flow turbine and X=D ¼ 1:75 gave the least
error for the axial-flow turbine. For comparison, the results of
Fig. 8. Houlsby et al.’s method applied to the confined performance data from the
cross-flow (a, b) and axial-flow (c, d) turbines.



Fig. 9. Overall correction performance at tip-speed ratios corresponding to peak CP for
cross-flow (a, b) and axial-flow (c, d) turbines. Mikkelsen and Sørensen’s correction is
for the downstreamwake measurement that gave the closest correction to unconfined
data. The closer the corrected performance is to unconfined measurements (black
circle), the more effective the correction. Uncorrected performance is shown for
reference (gray triangle).

Fig. 10. Blockage correction error for the cross-flow (a, b) and axial-flow (c, d) turbines,
relative to unconfined data. Filled markers indicate error averaged over full curves,
while open markers indicate error at peak CP .

H. Ross, B. Polagye / Renewable Energy 152 (2020) 1328e13411336
applying the other corrections to the peak CP of each turbine are
also shown in Fig. 9.

5. Evaluation of blockage corrections

The errors for all blockage corrections applied to both turbines
are summarized in Fig. 10. For reference, the equivalent calculation
for the confined, uncorrected data (i.e., performance change as a
consequence of blockage) is given as well. The ratio of AS to AT was
less than 5% under confined conditions for both turbines, so alter-
native definitions of the blockage ratio, such as b ¼ AT= ðAC � ASÞ,
do not significantly affect the values shown in Fig. 10.

5.1. Full performance curve

As quantified in Fig. 10, Houlsby et al.’s and Barnsley and Well-
icome’s methods are relatively effective at correcting for blockage
over the entire range of tip-speed ratios considered for both tur-
bines. These corrections give almost identical results, with Houlsby
et al.’s method performing slightly better overall. This outcome is to
be expected, given that Houlsby et al.’s analytical model is a
generalization of the one used by Barnsley and Wellicome to allow
for a deformable free surface. Since no significant free surface
deformation was observed during these experiments, it is unsur-
prising that the two methods yield similar outcomes.

Werle’s method produces mixed results. The CP correction
performs better than or equal to Houlsby et al.’s and Barnsley and
Wellicome’s for both turbines and the CT and l corrections perform
significantly worse. These outcomes are consistent with the orig-
inal derivation [21]. As mentioned in Section 3.2.3, Werle’s
correction begins with the analytical expressions for CP;max, CT ;max,
and uT ;max in both confined and unconfined flow [3,44,45]. These
expressions yield corrections that are applicable only at the peak
CP . To generalize the corrections to other operating conditions, the
approximations given in Eqs. (28)e(30) are used. However, the
approximation for CP given by Eq. (28) is the only expression that
Werle mathematically justifies in the original derivation. This is
done using a “correlation scheme” that is attributed to Werle and
Presz [47]. Repeating this method for CT and uT reveals that the
approximations given in Eqs. (29) and (30) are less well justified
than Eq. (28). This could explain why Werle’s CP correction per-
forms better than the CT or l corrections.
5.2. Peak CP

Considering only the results for the peak CP allows a comparison
of all four blockage corrections. The errors in Houlsby et al.’s,
Barnsley and Wellicome’s, and Werle’s methods follow the same
trends as the full curve error. Mikkelsen and Sørensen’s method
yields much higher errors than either Houlsby et al.’s or Barnsley
and Wellicome’s correction. This result is unexpected given that
Barnsley and Wellicome’s and Mikkelsen and Sørensen’s correc-
tions use the same set of equations and differ only in their choice of
input parameters (thrust versus wake area). The poor performance
of Mikkelsen and Sørensen’s method is likely due to the difficulty of
measuring A1 in experiment. The horizontal traverses shown in
Fig. 2 captured the size of the wakes in only one dimension, while
wakes have a higher dimensional structure (e.g., Bachant and
Wosnik [37], for cross-flow turbines). Additionally, due to experi-
mental limitations, the wake data were collected at water tem-
peratures of 11+C for the cross-flow turbine and 17+C for the axial-
flow turbine, compared to 22+C and 20+C for the performance data.
It is uncertain how these changes in temperature, which impact the
Reynolds number, would affect the wake, though prior results have
suggested that wake structure reaches Reynolds independence
sooner than turbine performance [31]. Compounding the difficulty
of accurately measuring A1, the correction is quite sensitive to this
parameter. An error of ±10% in the value of A1 produces an error of
approximately ±32% in Mikkelsen and Sørensen’s CP correction. By
comparison, introducing a ±10% error into the value of T produces
an error of ±12% when applying Barnsley and Wellicome’s CP
correction to the same data. Although Mikkelsen and Sørensen’s
correction did not perform well in this study, its performance
should improve if a better estimate of A1 were available. However,
in experiments, it is unlikely that such a measurement would be
simpler than measuring the rotor thrust. The fact that Barnsley and
Wellicome’s and Mikkelsen and Sørensen’s corrections give
different results, despite solving the same equations, illustrates that
the choice of input parameters can significantly influence the
magnitude of the correction.



Fig. 11. Power and thrust coefficient curves for the cross-flow (a, b) and axial-flow (c,
d) turbines at multiple transitional Reynolds numbers in the UW flume. The power
coefficients are more sensitive to variations in Reynolds number than the thrust
coefficients.
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5.3. Impact of Reynolds number

Due to experimental limitations, both turbines were operated in
a transitional regime, where performance was dependent on Rey-
nolds number [31e33]. Because blockage increases the stream-
wise flow speed through the rotor plane, the turbines experi-
enced an elevated “local” Reynolds number (ReL, calculated using
uT as the characteristic velocity) under confined conditions, even as
the free-stream Reynolds number was held constant. Specifically,
momentum theory suggests that, due to blockage, the ReL of the
cross-flow turbine increased by about 9% and the ReL of the axial-
flow turbine by about 7%. Although these increases are relatively
small, they can meaningfully change turbine performance. Because
blockage corrections are implicitly Reynolds independent, changes
in ReL are likely to increase the correction error when experiments
are conducted below Reynolds independence. This provides two
further insights into the accuracy of Houlsby et al.’s and Barnsley
and Wellicome’s methods reported here.

First, both Houlsby et al.’s and Barnsley and Wellicome’s cor-
rections aremore effective for the cross-flow turbine than the axial-
flow turbine. This is unexpected, considering blockage corrections
were originally derived for axial-flow devices. Furthermore, prior
work has indicated that Barnsley and Wellicome’s correction per-
forms better for axial-flow turbines [11]. This discrepancy may be
explained by Reynolds dependence. Although the axial-flow tur-
bine saw a slightly smaller increase in local Reynolds number under
confined conditions, it was operating at a lower free-stream Rey-
nolds number (Rec ¼ 14 000) than the cross-flow turbine (Rec ¼
31 000) and was likely further from Reynolds independence.
Therefore, the change in ReL is expected to have a larger effect on
the axial-flow turbine. To evaluate this hypothesis, it would be
necessary to characterize trends in the performance of both tur-
bines as a function of Reynolds number, which was beyond the
scope of this study.

Second, Houlsby et al.’s and Barnsley and Wellicome’s correc-
tions are more accurate for the thrust coefficient than the power
coefficient. This may also be due, at least in part, to Reynolds
number dependency. In unrelated experiments, both turbines were
tested in the UW flume at two different transitional Reynolds
numbers (see Fig. 11). The cross-flow turbine’s power coefficient
changed significantly with Reynolds number around the conditions
referenced in this study. However, the thrust coefficient was rela-
tively insensitive to Reynolds number, such that corrections for CT
would not be significantly impacted by the changes in ReL. The
axial-flow turbine performance followed a similar trend.

5.4. Impact of model limitations

Axial momentum theory applied to an actuator disk is a signif-
icant simplification of real turbine dynamics. As noted by Houlsby
and Vogel [4], axial momentum theory is not restricted to turbines
of a certain shape. However, the assumptions that underpin the
theory, discussed in Section 3.1, do not hold for most real turbines,
either axial-flow or cross-flow. Several past studies have noted that
these limitations reduce blockage correction efficacy [11,16,23,25].
Here, we discuss several of these limitations in the context of our
experimental results.

With the exception of Werle’s method, the thrust coefficient
corrections are more effective than the power coefficient correc-
tions. Axial momentum theory does not account for any rotation,
either of the turbine or of the wake. While expressions for thrust
can be derived without this information, power is equal to torque
multiplied by the angular velocity of the turbine. Therefore, power
from a real turbine requires rotation and an exchange of angular
momentum between the rotor and the flow. Most blockage cor-
rections based on axial momentum theory assume power is the
product of thrust and the stream-wise flow speed through the
rotor. This expression is inaccurate for several reasons. First, the
power absorbed by an actuator disk does not account for the
presence of rotational kinetic energy in the wake. Second, although
axial momentum theory assumes a frictionless turbine, drag on
rotating components reduces the torque produced by the rotor. This
is accounted for in measured torque but is not reflected in axial
momentum theory. Finally, thrust measurements may include
components of the system that do not produce torque, such as the
hub or support structure. These factors mean that real power is not
generally the product of T and uT . Therefore, because thrust can be
expressed directly by axial momentum theory, whereas power can
only be estimated, it is expected that corrections based on axial
momentum theory would perform better for CT than for CP. This
hypothesis is supported by the results of our experimental
assessment (Fig. 10). To overcome this limitation, a blockage
correction originating from angular momentum theory would be
required.

Examining the limitations of axial momentum theory may also
explain why, as shown in Figs. 6 and 8, the CP correction is more
effective at lower and higher tip-speed ratios than in the center of
the curve. As discussed previously, axial momentum theory ne-
glects wake rotation. Therefore, it is expected that the corrections
will perform better at operating conditions with minimal wake
rotation. Because wake rotation is a reaction to the torque of the
rotor, operating conditions that produce less torque also cause less
wake rotation. These operating conditions correspond to lower and
higher tip-speed ratios where torque and, consequently, CP are
reduced.

The fact that the corrections are based on axial momentum
theory also has interesting implications for the tip-speed ratio.
Glauert [2] specifies that the angular velocity of the turbine and the
flow speed through the rotor remain constant between the
confined and equivalent unconfined conditions. With wake rota-
tion neglected, this justifies the assertion that the thrust remains
constant as well. However, because the correction is based on axial
momentum theory, the calculation of V0’ does not depend on u.
Aside from providing a justification for constant thrust between
confined and unconfined conditions, the requirement that u’ ¼ u is
used only to derive Eq. (14), the tip-speed ratio correction. Because
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axial momentum theory does not directly address rotation, prior
work [25] has questioned whether the equivalent unconfined
condition should be that which gives the same angular velocity or
the same tip-speed ratio. We chose to assume u’ ¼ u and correct
the tip-speed ratio according to Eq. (14), which is in line with
Glauert’s statements and gives good agreement with the uncon-
fined results.
Fig. 12. Application of a blockage correction inspired by the bluff body theory of
Maskell to the confined performance data from the cross-flow (a, b) and axial-flow (c,
d) turbines.
5.5. Maskell’s bluff body correction

Another relevant restriction of axial momentum theory is that it
becomes invalid when the unconfined thrust coefficient exceeds
unity, as this corresponds to reversed flow in thewake. As shown in
Fig. 5, the unconfined thrust coefficients of the cross-flow and
axial-flow turbines tested in this study were within this threshold.
However, this is not always the case, motivating the use of a
blockage correction based on bluff body theory for highly loaded
turbines. As discussed in Section 1, two prior studies applied a
blockage correction based on the theory of Maskell [29] to an axial-
flow turbine [26] and a cross-flow turbine [11]. Both studies found
that Maskell’s correction performed better than actuator disk
methods for highly loaded turbines.

Maskell observed that blockage corrections based on actuator
disk theory were inadequate for objects that produced a bluff body
wake. Maskell’s blockage correction is based on momentum theory
coupled with an empirical description of wake behavior. The
derivation assumes that the bluff body wake is axisymmetric, the
flow is uniform and unidirectional, and the blockage ratio is small,
such that higher-order terms of b can be neglected. The correction
calculates the free-stream velocity (V0;b’) that, in an unconfined
flow, would produce the same flow speed past the object (u2;b).
Note that u2;b is the velocity of the shear layer downstream of the
bluff body and is distinct from u2, the velocity of the bypass flow in
actuator disk theory. Given measurements of u2;b, V0;b, CT , and b,
the ratio u2;b’=V0;b’ can be calculated according to

�
u2;b

	
V0;b

�2
�
u2;b’

	
V0;b’

�2 ¼1þ CTb�
u2;b’

	
V0;b’

�2 � 1
: (46)

With u2;b’=V0;b’ known, the equivalent unconfined thrust coef-
ficient can be estimated as

CT ’¼ CT

�
u2;b’

	
V0;b’

�2
�
u2;b

	
V0;b

�2 : (47)

Since u2;b ¼ u2;b’, Eq. (47) reduces to

CT ’¼ CT

 
V0;b

V0;b’

!2

: (48)

Although this correction is similar in form to Eq. (13), the un-
confined free-stream velocity is that which gives the same value of
u2;b between confined and unconfined conditions, rather than uT .
To apply Maskell’s correction as presented, it is necessary to have a
measurement of u2;b. As for Mikkelsen and Sørensen’s correction, it
would be difficult to identify an unambiguous location to sample
this value in an experimental turbine.

Rather than applying Maskell’s method exactly as formulated,
past studies have applied a correction inspired by the theory.
Whelan et al. [26] assumed that, when operating in a highly loaded
condition, a turbine responds primarily to the bypass flow rather
than the flow through the rotor plane. This allows CT and l to be
corrected as
CT ’¼CT

�
V0

u2

�2

; (49)

l’¼ l

�
V0

u2

�
: (50)

NeitherWhelan et al. [26] nor Kinsey and Dumas [11] attempted
to estimate CP ’. Eqs. (49) and (50) are distinct from Maskell’s
original correction, in that they use the bypass velocity (u2) as a
correction factor, rather than the unconfined free-stream speed
(V0;b’). Furthermore, to apply Eqs. (49) and (50), Whelan et al. and,
subsequently, Kinsey and Dumas estimated u2 using actuator disk
methods, despite assuming the operating conditions are such that
actuator disk methods are invalid. Nevertheless, both past studies
found that Eqs. (49) and (50) weremore effective than actuator disk
corrections when the rotors were more heavily loaded.

As the bypass flow adjacent to the rotor was not sampled in our
experiments, we followed the method of Whelan et al. to correct CT
and l using a Maskell-inspired approach. For the sake of investi-
gation, we also corrected CP as

CP ’¼CP

�
V0

u2

�3

: (51)

The results of applying Eqs. (49)e(51) to our confined perfor-
mance data are shown in Fig. 12. The bypass velocity was estimated
iteratively according to the method of Houlsby et al. Overall, Mas-
kell’s correction performs better at intermediate tip-speed ratios
and worse at higher tip-speed ratios, which is in contrast to the
results obtained byWhelan et al. and Kinsey and Dumas. Given that
u2 >V0’, this approach makes a larger correction, which reduces
some of the error we attribute to Reynolds dependence at the peaks
of the CP curves. The poor performance at higher tip-speed ratios is
unexpected, as the thrust coefficients for both turbines in confined
flow are similar to the values reported in Whelan et al. and Kinsey
and Dumas. These mixed results suggest that a bluff body correc-
tion may be effective, but is not guaranteed to be more effective,
even when the rotor is highly loaded. The physical justification for
use is generally weaker than for axial momentum theory, and
obtaining a correction factor directly in experiment is likely to be
similarly problematic to obtaining the wake cross-sectional data
necessary to apply Mikkelsen and Sørensen’s correction.
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Consequently, a Maskell-inspired correction applied to experi-
mental data may have a relatively large unquantified uncertainty.
Finally, a Maskell-inspired correction does not resolve the funda-
mental mismatch between real turbine power and power absorbed
by an actuator disk. This being said, prior studies [31,48] have
identified similarities between some turbine and bluff body wakes,
suggesting that blockage corrections incorporating elements of
bluff body theory could be more effective than those based purely
on axial momentum.

5.6. Recommended blockage corrections

Analytical blockage corrections based on axial momentum
theory are imperfect and can only provide estimates of the equiv-
alent unconfined condition for performance data collected at high
blockage. Although axial momentum theory solves for thrust
directly, an approximate expression for power is required. Here, we
demonstrate that for relatively high blockage, this leads to higher
error in the CP correction, which is unfortunate, as the power
output of a turbine is often of greater interest than the loading.
Despite the limitations of these methods, they do reduce the effects
of blockage on performance data. Encouragingly, two of the
methods resulted in less than 20% mean percentage error for the
power coefficient of the cross-flow turbine tested at a blockage
ratio of 0.36, experimental conditions that resulted in a change in
the local Reynolds number and likely violated many of the as-
sumptions of axial momentum theory. The same twomethods gave
less than 30% mean percentage error for the power coefficient of
the axial-flow turbine tested at a blockage ratio of 0.35. However,
the errors shown in Fig. 10 are specific to the turbines and test
conditions in this study and should not be taken as indicative of the
error associated with these blockage corrections for other turbine
geometries or test conditions.

Of the corrections evaluated, we recommend the methods
presented by Houlsby et al. and Barnsley and Wellicome. Houlsby
et al.’s correction allows for a deformable free surface and gave
slightly better results for this study, even though no significant free
surface effects were observed. If thrust measurements are not
available, but detailed wake data are, Mikkelsen and Sørensen’s
correction may be appropriate. However, given the correction’s
sensitivity to the wake area, we caution against general use in ex-
periments. Even though Werle’s correction performed best for the
power coefficient, we do not recommend this method, due to in-
consistencies in the underlying assumptions and poor performance
for the tip-speed ratio and thrust coefficient. Corrections based on
bluff body theory, such as the Maskell-inspired correction applied
by Whelan et al. and Kinsey and Dumas, may be appropriate when
methods based on axial momentum theory fail to converge but
should be used with caution.

6. Conclusions

This study experimentally examined the effects of blockage on
the performance of a cross-flow and an axial-flow turbine. Both
turbines were characterized under conditions of high blockage and
negligible blockage, while other significant parameters were held
approximately constant. Overall, the effects of increased blockage
on the turbines’ power and thrust coefficients were consistent with
prior investigations. These data were used to evaluate the perfor-
mance of analytical blockage corrections for both turbine arche-
types. Four of the five blockage corrections considered were based
on axial momentum theory applied to an actuator disk in confined
flow and followed the original propeller blockage correction pre-
sented by Glauert [2]. A correction based on momentum theory
applied to a bluff body [29] was also evaluated. Interestingly, and in
contrast to some prior results, we observed that the corrections
were more effective for the cross-flow turbine than the axial-flow
turbine. We hypothesize that this may be a consequence of
changes in the local Reynolds number associated with our rela-
tively high experimental blockage. This indicates that additional
care should be taken when applying blockage corrections to data
collected at transitional Reynolds numbers, which are common in a
laboratory setting.

Our results also demonstrate that corrections for the thrust
coefficient performed better than corrections for the power coef-
ficient for both turbines. This is likely a combination of Reynolds
number dependence and the limitations of axial momentum the-
ory. Glauert’s original blockage correction provides a system of
equations, based on axial momentum theory, that can be used to
calculate the equivalent unconfined free-stream velocity. However,
his derivation does not explicitly mention how to apply this
correction to measured performance coefficients. Subsequent
studies have used his statement that the thrust, angular velocity of
the turbine, and flow speed through the turbine remain constant
between blocked and unblocked conditions to derive such correc-
tions. However, this requires assuming that the power is given as
the product of thrust and the flow speed through the turbine,
which is inaccurate for real turbines. So, while thrust is calculated
directly from axial momentum theory, power must be approxi-
mated, yielding higher error in the corrected power coefficients.

Despite the limitations of axial momentum theory, we have
shown that analytical blockage corrections can give acceptable
results for experimental data. However, the most effective way to
eliminate blockage effects is to characterize turbine performance
under approximately unconfined conditions, such that a blockage
correction is unnecessary. Unfortunately, the model scales needed
to reduce the effects of blockage are often at odds with the scales
needed to achieve Reynolds independence. Large facilities allow
testing at both low blockage ratios and high Reynolds numbers but
present challenges for collecting well-controlled, high resolution
measurements. Due to these limitations, certain experiments will
necessarily be conducted in smaller facilities, and corrections will
be required to account for the effects of blockage.

Based on our results, in addition to our evaluation of the cor-
rections’ ease of application and mathematical robustness, we
recommend the methods presented by Barnsley and Wellicome
[19] and Houlsby et al. [22]. We also note that the errors shown in
Fig.10 are specific to this study, and there is no guarantee that these
corrections will give satisfactory results for an arbitrary test con-
dition. Our analysis suggests that a new blockage correction that
accounts for rotation and better describes highly loaded turbines
could be more effective and is an area deserving of future efforts.
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