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Abstract

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. We used the resulting experimental data to assess the effective-
ness of multiple analytical blockage corrections for both turbine types. Of the corrections
evaluated, two are recommended. However, as these methods are based on axial momen-
tum theory, we observe that corrections are more effective for thrust than power. We also
find that increasing blockage changes the local Reynolds number, which can affect turbine
performance but is not reflected in axial momentum theory.
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1. Introduction1

Naturally occurring fluid flows, such as wind and water currents, are a promising2

source of renewable power. The turbines that convert energy from these currents into3

electricity can operate in confined flows, such as rivers and tidal channels, and experimen-4

tal investigations of scale models often take place in confined wind or water tunnels. Flow5

confinement, or blockage, can significantly alter the mechanical performance of a turbine,6

relative to operation in an unconfined flow. The effects of blockage on propeller aero-7
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dynamics were examined in the early 20th century by Wood and Harris [1] and Glauert8

[2]. More recently, analytical [3, 4], numerical [5–11], and experimental [12–18] studies9

have explored the effects of blockage on wind and water current turbines. The magnitude10

of these effects is related to the blockage ratio (β), a dimensionless quantity defined as11

β = (AT + AS )/AC, where AT is the projected area of the turbine rotor, AS is the projected12

area of the support structure, and AC is the cross-sectional area of the channel. Multiple13

studies have demonstrated that turbine performance changes appreciably when the block-14

age ratio exceeds 5-10% [8, 10, 15, 18]. Turbine performance can be described by the15

cycle-average power and thrust coefficients (CP, CT ) over a range of tip-speed ratios (λ),16

CP =
〈τω〉

1
2ρAT 〈V3

0 〉
, (1)

CT =
〈T 〉

1
2ρAT 〈V2

0 〉
, (2)

λ =
R〈ω〉
〈V0〉

, (3)

where τ is the measured torque, ω is the angular velocity of the turbine, ρ is the fluid17

density, V0 is the free-stream velocity, T is the thrust on the turbine, and R is the rotor18

radius. Note that P = τω, where P is the mechanical power produced by the turbine. For19

a turbine operating at a given tip-speed ratio, higher blockage increases stream-wise flow20

speeds through and around the rotor [6, 8, 11, 15]. These higher velocities at the rotor21

plane increase the turbine’s torque and thrust. However, the flow velocity far upstream of22

the turbine remains relatively unchanged. Therefore, increasing the blockage augments23

a turbine’s power and thrust coefficients for a given free-stream velocity and tip-speed24

ratio. More detailed discussions about the effects of blockage on turbine hydrodynamics25

are given by Houlsby and Vogel [4] and Consul et al. [6].26

Research on blockage effects has two primary motivations. First, turbine testing is27

often conducted in laboratory facilities, such as wind and water tunnels, or in numerical28

simulations with finite domains. To accurately model full-scale conditions, the influence29

of blockage on performance data collected at smaller scales must be accounted for. Sec-30

ond, the observation that blockage can augment turbine performance has inspired interest31

in the design of high-blockage “fences” of current turbines [9], which would operate in32

flows that are naturally constrained, such as rivers and tidal channels. A better understand-33

ing of blockage could enable more accurate predictions of the power output from such34

arrangements.35

Over the past century, analytical methods have been developed to account for blockage36

effects. These methods are often referred to as “blockage corrections” and are the focus of37

this study. The first such correction was developed by Glauert [2] for propellers tested in38
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wind tunnels. Glauert’s method is based on axial momentum theory applied to an actuator39

disc (i.e., linear momentum actuator disc theory) in a closed tunnel. The most common40

form of this correction is an approximation based on the assumption that the blockage41

ratio is less than 0.15. Glauert’s approximate correction can be applied to turbines, but it42

has a limited range of applicability due to a singularity as the thrust coefficient approaches43

unity [13]. Subsequent studies, following Glauert’s approach, have derived corrections44

specifically for wind and current turbines. Here, we focus on the corrections presented45

by Barnsley and Wellicome [19], Mikkelsen and Sørensen [20], Werle [21], and Houlsby46

et al. [22]. All are derived from axial momentum theory applied to an actuator disc in a47

flow confined either by rigid walls (e.g., a tunnel) or by rigid walls and a free surface (e.g.,48

a channel). These corrections have seen widespread application to performance data from49

experiments and simulations [8, 12, 15, 16, 23]. However, uncertainty remains as to which50

corrections, if any, effectively account for blockage [11, 23, 24].51

Several previous studies have attempted to address the question of correction effi-52

cacy. Kinsey and Dumas [11] simulated a cross-flow turbine (i.e., “vertical-axis”, where53

the axis of rotation is perpendicular to the flow direction) and an axial-flow turbine (i.e.,54

“horizontal-axis”, where the axis of rotation is parallel to the flow direction) operating in a55

water tunnel and applied the correction of Barnsley and Wellicome [19]. By comparing the56

corrected results to simulations conducted in an unconfined domain, they concluded that57

Barnsley and Wellicome’s method worked well for the axial-flow turbine and was adequate58

for the cross-flow turbine. Similarly, Segalini and Inghels [25] simulated blockage effects59

on an axial-flow turbine using a vortex model and compared power and thrust corrections60

estimated from this model to those given by the actuator disc method of Mikkelsen and61

Sørensen [20]. Results from the two methods agreed reasonably well, providing encourag-62

ing validation of actuator disc corrections applied to realistic turbines. Experimentally, Ryi63

et al. [17] applied Barnsley and Wellicome’s correction to an axial-flow turbine tested in64

a closed-section wind tunnel and found that corrected results agreed well with the same65

turbine’s performance in an open-jet wind tunnel. Using similar methods, Dossena et al.66

[18] conducted experimental wind tunnel tests of a cross-flow turbine at a blockage ra-67

tio of 10% and under conditions of negligible blockage. They compared an empirical68

correction based on experimental data from the two conditions with an analytical correc-69

tion using Mikkelsen and Sørensen’s method. They concluded that the analytical method70

predicted the trend of the empirical correction but significantly underestimated its mag-71

nitude. The authors recommended improving analytical blockage corrections specifically72

for cross-flow turbines.73

Several recent studies [11, 13, 26–28] have also examined the effectiveness of block-74

age corrections originally derived for bluff bodies [29, 30], when applied to turbines. For75

example, Whelan et al. [26] and Kinsey and Dumas [11] determined that Maskell’s correc-76
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tion performs better than actuator disc methods when the turbine rotor is heavily loaded.77

Overall, previous research has concluded that actuator disc corrections are adequate for78

axial-flow turbines and give mixed results for cross-flow turbines. However, prior studies79

have evaluated only one or two of the multiple blockage corrections proposed in the litera-80

ture. Because the effectiveness of a blockage correction depends on the specific conditions81

under which it is applied (e.g., turbine and support structure design and tunnel or channel82

geometry), the relative accuracy of these corrections remains an open question. To our83

knowledge, no systematic experimental validation that considers both turbine archetypes84

and multiple analytical corrections has been reported in the archival literature. This lack of85

validation may be a consequence of the difficulty of undertaking such experiments, which86

require varying blockage while controlling for Reynolds number dependence [31–33] and,87

in the case of a free surface, the Froude number and submergence depth [8, 34]. For exper-88

iments conducted at transitional Reynolds numbers, this can only be achieved by changing89

the physical dimensions of a tunnel or the width of a channel. Therefore, the objective of90

the present study is to experimentally evaluate blockage corrections for a cross-flow and91

an axial-flow turbine by varying the blockage ratio while other significant parameters are92

held approximately constant.93

2. Experimental methods94

To establish a baseline for the analytical corrections, a cross-flow and an axial-flow95

turbine were characterized under high blockage and negligible blockage by testing the96

turbines at experimental facilities of different size. The subsequent sections describe the97

turbines, facilities, experimental parameters, and methods of data acquisition and analysis.98

2.1. Turbines99

The cross-flow turbine has four straight blades capped by circular end-plates. The100

turbine has a diameter (D) of 0.51 m and a height of 0.31 m. The aluminum blades are101

NACA-0018 airfoils, each with a chord length of 0.06 m, mounted with a neutral preset102

pitch. Two six-axis load cells, attached above and below the turbine, were used to measure103

the forces and torque. The angular velocity of the turbine was controlled by a servomo-104

tor, and a rotary encoder was used to measure the turbine’s angular position. An acoustic105

Doppler velocimeter measured the free-stream velocity at the turbine mid-plane at a dis-106

tance of 5 diameters upstream from the axis of rotation. A schematic of the experimental107

set-up is given in Fig. 1(a), and additional details about the data acquisition system are108

given by Strom et al. [35].109

The axial-flow turbine has three variable-pitch NACA-44xx aluminum blades, a rotor110

diameter of 0.45 m, and a hub diameter of 0.11 m. For this study, the blades were fixed at111
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Fig. 1. Renderings of the cross-flow (a) and axial-flow (b) experimental turbines used in this study.

a pitch angle of 0◦. A six-axis load cell mounted between the drive shaft and hub was used112

to measure the forces and torque. The speed of the rotor was regulated by a stepper motor,113

and the rotor position was measured with an optical encoder. The free-stream velocity was114

measured with an acoustic Doppler velocimeter located 3 diameters upstream of the rotor115

plane. Fig. 1(b) shows a schematic of the turbine, and further information about the blade116

geometry and instrumentation is given by Barber et al. [36].117

2.2. Testing facilities118

To achieve conditions of high and negligible blockage, the turbines were tested in two119

facilities: the Alice C. Tyler flume in the Harris Hydraulics Laboratory at the University of120

Washington (UW) and the tow tank at the Jere A. Chase Ocean Engineering Laboratory at121

the University of New Hampshire (UNH). The UW flume is a high blockage environment122

consisting of a rectangular test section that is 0.76 m wide, 0.60 m deep, and 3.7 m long.123

Two variable-frequency pumps operating in parallel can achieve a maximum flow speed of124

1.2 m/s. A pool heater and chiller enable the water temperature to be controlled between 10125

and 35◦C. The turbulence intensity is approximately 2% under most operating conditions.126

The UNH tow tank is a negligible blockage environment roughly 3.7 m wide, 2.4 m deep,127

and 36 m long. The turbulence intensity is approximately 0%, and the water is room128

temperature, between 20 and 22◦C. Additional information about the UNH facility is given129

by Bachant and Wosnik [37].130

As detailed, there was a small difference in turbulence intensity between the two facil-131

ities. Past studies have shown that decreasing the turbulence intensity increases a turbine’s132

power and thrust coefficients [38, 39]. However, based on the magnitude of performance133
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change observed in these studies, it is assumed that the impact of a decrease in turbulence134

intensity from approximately 2% to approximately 0% is insignificant.135

2.3. Non-dimensional parameters136

The dimensions of the UW flume resulted in a blockage ratio of 0.36 for the cross-137

flow turbine and 0.35 for the axial-flow turbine. The larger cross-section of the UNH138

facility yielded a blockage ratio of 0.03 for the cross-flow turbine and 0.02 for the axial-139

flow turbine. Consequently, the blockage effects at the UNH facility were assumed to140

be negligible [10]. We will refer to data taken in the UW flume as “confined” and data141

taken in the UNH tow tank as “unconfined”. To measure only the effects of a change in142

blockage, we attempted to hold all other important parameters approximately constant: the143

chord-based Reynolds number, Rec = (cV0)/ν, the Froude number, Fr = V0/
√

gd0, and the144

submergence depth, dT , measured from the free surface to the top of the rotor. Here, c is the145

blade chord length, ν is the fluid kinematic viscosity, g is the acceleration of gravity, and d0146

is the undisturbed upstream water depth, relative to the bottom of the channel. Under test147

conditions, both turbines were operating at transitional Reynolds numbers: 31 000 for the148

cross-flow turbine and 14 000 for the axial-flow turbine. To maintain a constant Reynolds149

number, all tests were conducted at a free-stream velocity of 0.5 m/s and, because viscosity150

is a function of temperature, the UW flume was controlled to match the temperature of the151

UNH tow tank. In the UW flume, the turbines were centered horizontally between the152

channel walls and vertically in the dynamic water column. This resulted in a submergence153

depth of 0.15 m for the cross-flow turbine and 0.08 m for the axial-flow turbine. Both154

turbines were mounted in the tow tank such that submergence depth remained constant155

between the two facilities. However, the variation in overall channel depth from 0.60 m in156

the flume to 2.4 m in the tow tank resulted in a change in the Froude number from 0.2 to157

0.1. Given that no free surface deformation was observed at either facility, it was assumed158

that this variation in Froude number had a negligible effect on performance compared to159

the changes in blockage [6].160

Although both turbines were centered in the UW flume, the aspect ratio of the channel161

resulted in higher horizontal blockage for the cross-flow turbine and higher vertical block-162

age for the axial-flow turbine. Kinsey and Dumas [11] defined the confinement asymmetry163

as CA = max(βH/βV , βV/βH), where βH is the ratio of turbine width to channel width and164

βV is the ratio of turbine height to fluid depth. The authors concluded that a confinement165

asymmetry that exceeds unity does affect performance, relative to a turbine operating with166

symmetric confinement at the same blockage ratio. However, they also found that con-167

finement asymmetry is negligible for CA < 3. As the confinement asymmetry of both168

turbines in the UW flume was approximately 1.3, we assume performance was relatively169

unaffected by the channel aspect ratio.170
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2.4. Performance characterization171

At each nominal operating condition (i.e., tip-speed ratio), performance data were col-172

lected for at least 30 seconds. The time series were trimmed to yield an integer number173

of rotor revolutions. To calculate CP, CT , and λ according to Eqs. (1)-(3), the quantities174

〈τω〉, 〈T 〉, and 〈ω〉 were averaged over each complete revolution of the turbine rotor, and175

〈V3
0 〉, 〈V

2
0 〉, and 〈V0〉 were averaged over the entire sampling period for each operating con-176

dition. The free-stream measurements were averaged in this way to minimize uncertainty177

introduced by the convection of turbulence from the sampling location to the rotor plane.178

These averaging methods produced a set of cycle-average performance coefficients and179

tip-speed ratios for every nominal operating condition. The median of each set of cycle-180

average values was taken as the representative CP, CT , and λ, and the interquartile range181

was taken as the uncertainty.182

At each facility, the turbines were tested over the range of tip-speed ratios that pro-183

duced net power. The desired tip-speed ratios were achieved by controlling the angular184

velocity of the turbines while maintaining an approximately constant free-stream velocity.185

Under this type of control, the measured torque was equal to the hydrodynamic torque186

produced by the rotor [40]. The cross-flow turbine’s forces, torque, and angular posi-187

tion were sampled at a frequency of 1 kHz. The axial-flow performance was sampled at188

approximately 50 Hz. Free-stream velocity data were collected at 64 Hz for all tests.189

2.5. Wake characterization190

One of the blockage corrections considered in this study requires information about191

the wake structure. Because these data were time-intensive to collect, wake measurements192

were taken only at the tip-speed ratio corresponding to the peak power coefficient. Wake193

data were collected at 100 Hz using two acoustic Doppler velocimeters mounted on a194

three-axis, motorized gantry. For both turbines, measurements were taken at 0.75, 1.25,195

1.75, and 2.25 diameters downstream of the center of the rotor. At each downstream196

location, the measurement grid consisted of a single horizontal traverse in the cross-stream197

direction, with measurements spaced 0.01 m apart. The traverses were centered vertically198

relative to the turbine rotor. Fig. 2 illustrates the wake measurement locations for the cross-199

flow turbine. A similar grid was used for the axial-flow turbine. Raw measurements were200

despiked using the method of Goring and Nikora [41], and data points with low correlation201

values were discarded [42]. These measurements were used to estimate the cross-sectional202

area of the wake (A1) downstream of each turbine. The values of A1 were determined by203

calculating the position, in the cross-stream direction, of the boundary between the core204

flow (fluid that passed through the turbine) and bypass flow (fluid that passed around the205

turbine). This boundary was taken as the point where the velocity in the core flow equaled206
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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.

or exceeded the free-stream velocity. According to theory, A1 is measured at the stream-207

wise location where the pressure between the core and bypass flows reaches equilibrium.208

This point is ambiguous without spatially-resolved pressure measurements, which were209

not available for these tests. Therefore, the wake area was estimated at each of the stream-210

wise locations shown in Fig. 2. All four values were used in the analytical correction, and211

the one which yielded the lowest error was reported.212

3. Analytical methods213

Blockage corrections applied to confined performance data estimate the equivalent214

unconfined power coefficient (C′P), thrust coefficient (C′T ), and tip-speed ratio (λ′),215

C′P =
P′

1
2ρAT V ′30

, (4)

C′T =
T ′

1
2ρAT V ′20

, (5)

λ′ =
Rω′

V ′0
, (6)

where the prime denotes an unconfined value. The methods considered in this section are216

based on axial momentum theory applied to an actuator disc in either closed channel flow217

(representative of a closed-section wind tunnel or cavitation tunnel with no free surface)218

or open channel flow (representative of a flume with a deformable free surface). These219

methods are not suitable for open-jet wind tunnels.220
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3.1. Glauert’s method221

Although we do not directly evaluate the original propeller blockage correction devel-222

oped by Glauert [2], all of the methods considered in this section are based, to a varying223

degree, on his analysis. The assumptions that underpin Glauert’s derivation are that the224

incoming flow is uniform, the propeller (or turbine) is two-dimensional and has an infinite225

number of frictionless blades, thrust over the entire rotor is uniform, the wake does not226

rotate, and the effects of boundary proximity and channel aspect ratio are insignificant.227

Given performance data collected at a constant operating condition in confined flow,228

Glauert’s method computes V ′0, the free-stream velocity that, in an unconfined flow, would229

produce the same values of thrust and stream-wise velocity through the rotor (uT ) at the230

same angular velocity, i.e.,231

T ′ = T, (7)
u′T = uT , (8)
ω′ = ω. (9)

Glauert does not specifically address power, but to correct CP, subsequent authors have232

invoked the definition of power absorbed by an actuator disc,233

P = TuT . (10)

Combining Eqs. (7), (8), and (10) yields234

P′ = P. (11)

Dividing Eqs. (4)-(6) by Eqs. (1)-(3), respectively, and using the equalities in Eqs. (7),235

(9), and (11) yields expressions for C′P, C′T , and λ′ as functions of V ′0:236

C′P = CP

(V0

V ′0

)3

, (12)

C′T = CT

(V0

V ′0

)2

, (13)

λ′ = λ
(V0

V ′0

)
. (14)

For a turbine, blockage increases uT for a given V0. Therefore, the free-stream velocity that237

gives the same uT in an unconfined flow is typically higher (i.e., V ′0 > V0). By calculating238

the equivalent unconfined power coefficient, thrust coefficient, and tip-speed ratio using V ′0,239

Glauert’s correction can account for the performance increase that a turbine experiences240

in confined flow.241
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The equivalent unconfined free-stream velocity V ′0 is estimated by first applying the242

principles of continuity, conservation of axial momentum, and the Bernoulli equation to243

an actuator disc in confined flow. This yields a system of four equations,244

uT AT = u1A1, (15)
u2(AC − A1) = V0AC − uT AT , (16)

T =
1
2
ρAT (u2

2 − u2
1), (17)

T +
1
2
ρAC(V2

0 − u2
2) = ρA1u1(V0 − u1) + ρ(AC − A1)u2(V0 − u2), (18)

where u1 is the velocity of the core flow and u2 is the velocity of the bypass flow. It should245

be noted that Eqs. (15)-(18) apply to an actuator disc that extracts energy from the flow246

(i.e., a turbine). Therefore, the thrust in Eqs. (17) and (18) is oppositely signed from the247

thrust in Glauert’s original derivation, which applies to an actuator disc that adds energy248

to the flow (i.e., a propeller). Assuming uT has been estimated from Eqs. (15)-(18), the249

unconfined free-stream velocity can then be found by introducing a fifth equation: the250

expression for thrust in unconfined flow obtained from momentum conservation,251

T ′ = 2ρu′T AT (V ′0 − u′T ). (19)

Combining Eqs. (2), (7), and (8) with Eq. (19) yields a solution for V ′0:252

V ′0 =
V0((uT/V0)2 + CT/4)

uT/V0
. (20)

Once V ′0 is known, the unconfined coefficients C′P, C′T , and λ′ can be calculated for each253

operating point using Eqs. (12)-(14).254

Specific corrections for a turbine operating in closed or open channel flow, as presented255

by Barnsley and Wellicome [19], Mikkelsen and Sørensen [20], Werle [21], and Houlsby256

et al. [22] are described separately in the following sections. The correction given by Maskell257

[29] for bluff bodies is contrasted in Section 5.5.258

3.2. Closed channel flow259

Several methods have been proposed to account for the effects of blockage in a channel260

without a free surface. All methods reference the streamtube model shown in Fig. 3. The261

first method, developed by Barnsley and Wellicome [19] and introduced to the marine262

energy research community by Bahaj et al. [12], applies Glauert’s axial momentum theory263

analysis [2] to a turbine rather than a propeller. A second method, developed by Mikkelsen264

and Sørensen [20], also follows Glauert’s analysis. However, it provides an alternative265

closure to the correction presented by Barnsley and Wellicome. A third method, derived266

by Werle [21], applies simplifying approximations to Glauert’s theory.267
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Fig. 3. Streamtube model of an actuator disc in closed channel flow with no free surface.

3.2.1. Barnsley and Wellicome’s method268

To apply the correction given by Barnsley and Wellicome [19] (BW), measurements269

of AT , AC, V0, T , and ρ must be available. If so, Eqs. (15)-(18) become a closed system270

with four unknowns: A1, uT , u1, and u2. Although a compact analytical solution to these271

equations does not exist, individual solutions can be obtained for certain operating con-272

ditions. By rearranging Eqs. (15)-(18), an iterative scheme is developed to solve for the273

ratio uT/V0. This scheme consists of three equations:274

uT

u1
=
−1 +

√
1 + β((u2/u1)2 − 1)
β(u2/u1 − 1)

, (21)

V0

u1
=

u2

u1
− β

(uT

u1

)(u2

u1
− 1

)
, (22)

V0

u1
=

√
(u2/u1)2 − 1

CT
. (23)

The solution is found by guessing a reasonable value for u2/u1 and solving Eq. (21) for275

uT/u1. Using these values of u2/u1 and uT/u1, Eqs. (22) and (23) can be solved for the276

ratio V0/u1. If the two values of V0/u1 do not match, a new value of u2/u1 should be277

selected, and the scheme repeated until the error between Eqs. (22) and (23) is minimized.278

Note that solutions only exist for values of the input parameters that yield physical results,279

e.g., u2 > uT > u1, V0 > uT , and u2 > V0. With uT/u1 and V0/u1 known, the ratio uT/V0280

can be found. Given uT/V0, V ′0 can be calculated using Eq. (20), and C′P, C′T , and λ′ can281

be estimated at each operating point using Eqs. (12)-(14). A summary of this method is282

presented by Bahaj et al. [12] and derived by Kinsey and Dumas [11]. While the original283
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technical report [19] does not appear to be publicly available, given limited comments on284

blockage corrections in subsequent work [43], the primary reference is unlikely to contain285

more detail than is presented in the secondary sources.286

3.2.2. Mikkelsen and Sørensen’s method287

Mikkelsen and Sørensen [20] (MS) proposed a correction that presents an alternative288

closure to Eqs. (15)-(18). As with Barnsley and Wellicome’s correction, it is assumed289

that AT , AC, V0, and ρ are known. However, A1 is measured rather than T . This method290

rearranges Eqs. (15)-(18) to solve for the unknown parameters uT , u1, u2, and CT directly,291

with no iteration required. Even if measurements of T or CT are available, they should292

not be used in conjunction with this method, as the system of equations would become293

overdetermined. The correction consists of the following four equations:294

uT =
V0(A1/AT )(β(A1/AT )2 − 1)

β(A1/AT )(3A1/AT − 2) − 2A1/AT + 1
, (24)

u1 =
uT AT

A1
, (25)

u2 =
AT (V0 − βuT )

AT − βA1
, (26)

CT =
u2

2 − u2
1

V2
0

. (27)

Once uT and CT have been calculated, the unconfined velocity V ′0 can be found using Eq.295

(20) and the unconfined turbine performance parameters calculated using Eqs. (12)-(14).296

This method highlights the fact that Eqs. (15)-(18) can be solved multiple ways, as long297

as adequate measurements are available to close the system.298

3.2.3. Werle’s method299

The final closed channel blockage correction considered in this study was developed300

by Werle [21]. This method is also based on Eqs. (15)-(18) but makes several approxima-301

tions that allow the unconfined parameters C′P, C′T , and λ′ to be calculated as functions of302

the blockage ratio alone, without an intermediate calculation of V ′0. These approximations303

12



are given as304

C′P
C′P,max

≈
CP

CP,max
, (28)

C′T
C′T,max

≈
CT

CT,max
, (29)

u′T
u′T,max

≈
uT

uT,max
, (30)

where the expressions for C′P,max, C′T,max, and u′T,max are given by the well-known Betz305

criterion [44, 45], and the expressions for CP,max, CT,max, and uT,max are given by Garrett306

and Cummins [3]. Substituting these expressions into Eqs. (28)-(30) gives corrections for307

CP, CT , and uT , which Werle presents as308

C′P ≈ CP(1 − β)2, (31)

C′T ≈ CT
(1 − β)2

(1 + β)
, (32)

u′T
V ′0
≈

uT

V0
(1 − β). (33)

Applying Eqs. (8) and (14) to Eq. (33) yields an expression in terms of the tip-speed ratio,309

λ′ ≈ λ(1 − β). (34)

Based on an independent re-derivation of Werle’s method, Eqs. (33) and (34) appear to310

contain sign errors and are inconsistent with the rest of the model. If treated consistently,311

the equations should be given as312

u′T
V ′0
≈

uT

V0
(1 + β), (35)

λ′ ≈ λ(1 + β). (36)

However, because the purpose of this study is to evaluate blockage corrections as pre-313

sented in the literature, the tip-speed ratio correction given by Eq. (34) was applied to our314

experimental data without modification.315

3.3. Open channel flow (Houlsby et al.’s method)316

An analytical model for an actuator disc in flow with a deformable free surface was first317

developed by Houlsby et al. [22] (Houlsby). As with Glauert’s model for closed channel318

13



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

flow, this model was derived by applying continuity, conservation of axial momentum, and319

the Bernoulli equation to an actuator disc in confined flow. However, the free surface of320

the flow was allowed to deform, as shown in Fig. 4. This yields seven equations, which321

can be rearranged and expressed as a system of two equations:322

u1 =
Fr2u4

2 − (4 + 2Fr2)V2
0 u2

2 + 8V3
0 u2 − 4V4

0 + 4βCT V4
0 + Fr2V4

0

−4Fr2u3
2 + (4Fr2 + 8)V2

0 u2 − 8V3
0

, (37)

u1 =

√
u2

2 −CT V2
0 . (38)

As with the closed channel model, analytical solutions to Eqs. (37) and (38) do not exist.323

However, specific solutions can be found using an iterative method. To apply the correc-324

tion, measurements of AT , AC, V0, T , ρ, and d0 are required. The solution method consists325

of guessing a reasonable value for u2, solving Eqs. (37) and (38) separately for u1, and iter-326

ating until the two values of u1 are equal. With u1 and u2 known, the stream-wise velocity327

through the turbine can be calculated as328

uT =
u1(u2 − V0)(2gd0 − u2

2 − u2V0)
2βgd0(u2 − u1)

. (39)

The unconfined free-stream velocity and turbine performance parameters can then be329

found from Eqs. (20) and (12)-(14).330

This open channel flow model is referenced by Whelan et al. [26] and Houlsby and331

Vogel [4]. Whelan et al. [26] used this model as the basis for a blockage correction that332

can be applied within a blade element momentum code. Houlsby and Vogel [4] explored333
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solutions to this model over a range of operating conditions. However, to our knowledge,334

it has not previously been cast as an analytical blockage correction.335

3.4. Summary of analytical methods336

All of the blockage corrections considered in this section are grounded in Glauert’s337

derivation [2]. In his original work, Glauert presented a set of equations that can be used338

to solve for V ′0 and, therefore, calculate the equivalent unconfined turbine performance339

coefficients. Glauert also proposed a linearization of this model that provides a simpler340

method of estimating V ′0 when the blockage ratio is less than 0.15. While Glauert’s deriva-341

tion applies to propellers, it can easily be adapted to turbines by reversing the direction of342

thrust to yield Eqs. (15)-(20).343

The corrections given by Barnsley and Wellicome [19] and Mikkelsen and Sørensen344

[20] use measured quantities to solve Eqs. (15)-(18) for unknown parameters, calculate V ′0345

using Eq. (20), and estimate the unconfined performance coefficients using Eqs. (12)-(14).346

The only difference between these two methods is Barnsley and Wellicome’s use of thrust347

to close the system and Mikkelsen and Sørensen’s use of the wake area. The correction348

presented by Werle [21] uses expressions for the maximum theoretical power coefficient349

and corresponding thrust coefficient and stream-wise velocity through the rotor in confined350

and unconfined flow. Although Werle’s correction is based on Glauert’s theory, it relies351

on assumptions that yield a model distinct from the other closed channel corrections. The352

open channel flow model given by Houlsby et al. [22] is a generalization of Eqs. (15)-(18)353

to allow for a deformable free surface. So, if the free surface does not deform, Houlsby et354

al.’s correction reduces to the model used by Barnsley and Wellicome and Mikkelsen and355

Sørensen.356

3.5. Estimation of correction error357

The effectiveness of each blockage correction was evaluated by a measure of the dif-358

ference between the corrected CP(λ) and CT (λ) curves relative to the unconfined perfor-359

mance curves. This error metric was computed as the projection of the Euclidean distance360

(positive definite scalar quantity) between uniformly sampled points on the corrected and361

unconfined curves into CP, CT , or λ space. These distances were then normalized by the362

corresponding values on the unconfined curves to calculate a relative error. The mean of363

these values, over all operating conditions that produced net power, was taken as an esti-364

mate of correction error. Since Mikkelsen and Sørensen’s method required wake data, it365

was applied only at the tip-speed ratio corresponding to the peak power coefficient. There-366

fore, the error of each method was estimated at this single point as well.367

15



1 1.5 2 2.5 3

0

0.1

0.2

0.3
(a)

1 1.5 2 2.5 3

0.5

1

1.5

2

(b)

2 4 6 8 10 12

0

0.2

0.4

0.6

(c)

2 4 6 8 10 12

0.5

1

1.5

2(d)

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 performance. In some instances, the uncertainty range is smaller than
the plot markers, and therefore not visible.

4. Results368

4.1. Performance and wake characteristics369

The power and thrust coefficients measured under confined and unconfined condi-370

tions [46] are shown in Fig. 5. For both turbines, blockage produces a higher peak power371

coefficient at an elevated tip-speed ratio. Furthermore, the thrust coefficient at the point of372

peak CP is increased, and the turbines produce net power over a wider range of tip-speed373

ratios. These results are in agreement with previous findings [6]. Interestingly, the overall374

trend of an increased CP at high blockage reverses or becomes negligible at lower tip-speed375

ratios. Past studies have reported an insensitivity of CP to blockage at low tip-speed ra-376

tios for both cross-flow and axial-flow turbines [6, 8, 11]. For cross-flow turbines, Consul377

et al. [6] and Kinsey and Dumas [11] attribute this to the effects of dynamic stall. Cross-378

flow turbines experience a range of angles of attack throughout a single revolution. At379

lower tip-speed ratios, the angles of attack undergo higher fluctuations, which can lead to380

dynamic stall. As blockage increases, the flow speed through the rotor tends to increase381

as well, decreasing the effective tip-speed ratio and further encouraging dynamic stall.382

Therefore, any gains in CP caused by higher flow speeds through the rotor are negated by383

increased dynamic stall. However, as shown in Fig. 5, an increased blockage ratio has a384

negative, rather than neutral, effect on the power coefficient of the cross-flow turbine at385
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Table 1
Non-dimensional wake area (A1/D) at four stream-wise locations (X/D).

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
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Fig. 6. Application of Barnsley and Wellicome’s correction to the confined performance data from the
cross-flow (a, b) and axial-flow (c, d) turbines.

low tip-speed ratios. As prior studies are based on numerical simulations, this discrepancy386

could be explained by the difficulty of accurately modeling dynamic stall.387

As described in Section 2.5, the cross-sectional area of the wake downstream of both388

turbines was estimated from velocity measurements. Table 1 presents the values of A1,389

nondimensionalized by turbine diameter, at each of the four stream-wise positions shown390

in Fig. 2. These values were used only when applying Mikkelsen and Sørensen’s correc-391

tion.392

4.2. Application of blockage corrections393

4.2.1. Barnsley and Wellicome’s method394

Fig. 6 presents the results of applying Barnsley and Wellicome’s correction to the395

confined data. The uncorrected, confined data are superimposed for reference. If the396

correction had worked perfectly, the corrected data would have collapsed onto the uncon-397
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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.

fined performance curve. Although some discrepancies remain, the correction generally398

accounts for the effects of blockage on the power and thrust coefficients of both turbines.399

4.2.2. Werle’s method400

Fig. 7 shows the application of Werle’s correction to the confined performance data.401

Although the correction performs adequately for the magnitude of the power coefficient,402

it significantly over-corrects the thrust coefficient and tip-speed ratio. As mentioned in403

Section 3.2.3, the tip-speed ratio correction given by Eq. (34) is not consistent with the404

rest of the derivation. However, the modified form given by Eq. (36) further reduces the405

corrected tip-speed ratios, increasing the disagreement between corrected and unconfined406

performance (not shown).407

4.2.3. Houlsby et al.’s method408

Fig. 8 presents the results of Houlsby et al.’s correction which, unlike the previous two409

methods, allows for a deformable free surface. The results of this correction are almost410

identical to those from Barnsley and Wellicome’s method (Fig. 6).411

4.2.4. Mikkelsen and Sørensen’s method412

Fig. 9 gives the results of applying Mikkelsen and Sørensen’s correction. Unlike413

the previous methods, a single operating point (peak CP) was evaluated rather than the414
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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.
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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 downstream wake 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 refer-
ence (gray triangle).
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Fig. 10. Blockage correction error for the cross-flow (a, b) and axial-flow (c, d) turbines, relative to uncon-
fined data. Filled markers indicate error averaged over full curves, while open markers indicate error at peak
CP.

full CP and CT curves, as wake data could not be collected in a timely manner for all415

operating conditions. All of the values for A1 presented in Table 1 were evaluated, and416

it was determined that X/D = 2.25 gave the least error for the cross-flow turbine and417

X/D = 1.75 gave the least error for the axial-flow turbine. For comparison, the results of418

applying the other corrections to the peak CP of each turbine are also shown in Fig. 9.419

5. Evaluation of blockage corrections420

The errors for all blockage corrections applied to both turbines are summarized in421

Fig. 10. For reference, the equivalent calculation for the confined, uncorrected data (i.e.,422

performance change as a consequence of blockage) is given as well. The ratio of AS to AT423

was less than 5% under confined conditions for both turbines, so alternative definitions of424

the blockage ratio, such as β = AT/(AC − AS ), do not significantly affect the values shown425

in Fig. 10.426

5.1. Full performance curve427

As quantified in Fig. 10, Houlsby et al.’s and Barnsley and Wellicome’s methods are428

relatively effective at correcting for blockage over the entire range of tip-speed ratios con-429

sidered for both turbines. These corrections give almost identical results, with Houlsby430
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et al.’s method performing slightly better overall. This outcome is to be expected, given431

that Houlsby et al.’s analytical model is a generalization of the one used by Barnsley and432

Wellicome to allow for a deformable free surface. Since no significant free surface de-433

formation was observed during these experiments, it is unsurprising that the two methods434

yield similar outcomes.435

Werle’s method produces mixed results. The CP correction performs better than or436

equal to Houlsby et al.’s and Barnsley and Wellicome’s for both turbines and the CT437

and λ corrections perform significantly worse. These outcomes are consistent with the438

original derivation [21]. As mentioned in Section 3.2.3, Werle’s correction begins with439

the analytical expressions for CP,max, CT,max, and uT,max in both confined and unconfined440

flow [3, 44, 45]. These expressions yield corrections that are applicable only at the peak441

CP. To generalize the corrections to other operating conditions, the approximations given442

in Eqs. (28)-(30) are used. However, the approximation for CP given by Eq. (28) is the443

only expression that Werle mathematically justifies in the original derivation. This is done444

using a “correlation scheme” that is attributed to Werle and Presz [47]. Repeating this445

method for CT and uT reveals that the approximations given in Eqs. (29) and (30) are less446

well justified than Eq. (28). This could explain why Werle’s CP correction performs better447

than the CT or λ corrections.448

5.2. Peak CP449

Considering only the results for the peak CP allows a comparison of all four block-450

age corrections. The errors in Houlsby et al.’s, Barnsley and Wellicome’s, and Werle’s451

methods follow the same trends as the full curve error. Mikkelsen and Sørensen’s method452

yields much higher errors than either Houlsby et al.’s or Barnsley and Wellicome’s cor-453

rection. This result is unexpected given that Barnsley and Wellicome’s and Mikkelsen454

and Sørensen’s corrections use the same set of equations and differ only in their choice455

of input parameters (thrust versus wake area). The poor performance of Mikkelsen and456

Sørensen’s method is likely due to the difficulty of measuring A1 in experiment. The457

horizontal traverses shown in Fig. 2 captured the size of the wakes in only one dimen-458

sion, while wakes have a higher dimensional structure (e.g., Bachant and Wosnik [37], for459

cross-flow turbines). Additionally, due to experimental limitations, the wake data were460

collected at water temperatures of 11◦C for the cross-flow turbine and 17◦C for the axial-461

flow turbine, compared to 22◦C and 20◦C for the performance data. It is uncertain how462

these changes in temperature, which impact the Reynolds number, would affect the wake,463

though prior results have suggested that wake structure reaches Reynolds independence464

sooner than turbine performance [31]. Compounding the difficulty of accurately measur-465

ing A1, the correction is quite sensitive to this parameter. An error of ±10% in the value466

of A1 produces an error of approximately ±32% in Mikkelsen and Sørensen’s CP correc-467
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tion. By comparison, introducing a ±10% error into the value of T produces an error of468

±12% when applying Barnsley and Wellicome’s CP correction to the same data. Although469

Mikkelsen and Sørensen’s correction did not perform well in this study, its performance470

should improve if a better estimate of A1 were available. However, in experiments, it is un-471

likely that such a measurement would be simpler than measuring the rotor thrust. The fact472

that Barnsley and Wellicome’s and Mikkelsen and Sørensen’s corrections give different473

results, despite solving the same equations, illustrates that the choice of input parameters474

can significantly influence the magnitude of the correction.475

5.3. Impact of Reynolds number476

Due to experimental limitations, both turbines were operated in a transitional regime,477

where performance was dependent on Reynolds number [31–33]. Because blockage in-478

creases the stream-wise flow speed through the rotor plane, the turbines experienced an479

elevated “local” Reynolds number (ReL, calculated using uT as the characteristic velocity)480

under confined conditions, even as the free-stream Reynolds number was held constant.481

Specifically, momentum theory suggests that, due to blockage, the ReL of the cross-flow482

turbine increased by about 9% and the ReL of the axial-flow turbine by about 7%. Al-483

though these increases are relatively small, they can meaningfully change turbine perfor-484

mance [48]. Because blockage corrections are implicitly Reynolds independent, changes485

in ReL are likely to increase the correction error when experiments are conducted below486

Reynolds independence. This provides two further insights into the accuracy of Houlsby487

et al.’s and Barnsley and Wellicome’s methods reported here.488

First, both Houlsby et al.’s and Barnsley and Wellicome’s corrections are more effective489

for the cross-flow turbine than the axial-flow turbine. This is unexpected, considering490

blockage corrections were originally derived for axial-flow devices. Furthermore, prior491

work has indicated that Barnsley and Wellicome’s correction performs better for axial-flow492

turbines [11]. This discrepancy may be explained by Reynolds dependence. Although the493

axial-flow turbine saw a slightly smaller increase in local Reynolds number under confined494

conditions, it was operating at a lower free-stream Reynolds number (Rec = 14 000) than495

the cross-flow turbine (Rec = 31 000) and was likely further from Reynolds independence.496

Therefore, the change in ReL is expected to have a larger effect on the axial-flow turbine.497

To evaluate this hypothesis, it would be necessary to characterize trends in the performance498

of both turbines as a function of Reynolds number, which was beyond the scope of this499

study.500

Second, Houlsby et al.’s and Barnsley and Wellicome’s corrections are more accurate501

for the thrust coefficient than the power coefficient. This may also be due, at least in part,502

to Reynolds number dependency. In unrelated experiments, both turbines were tested in503

the UW flume at two different transitional Reynolds numbers. These results are shown in504
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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.

Fig. 11. The cross-flow turbine’s power coefficient changed significantly with Reynolds505

number around the conditions referenced in this study. However, the thrust coefficient506

was relatively insensitive to Reynolds number, such that corrections for CT would not be507

significantly impacted by the changes in ReL. The axial-flow turbine performance followed508

a similar trend.509

5.4. Impact of model limitations510

Axial momentum theory applied to an actuator disc is a significant simplification of511

real turbine dynamics. As noted by Houlsby and Vogel [4], axial momentum theory is not512

restricted to turbines of a certain shape. However, the assumptions that underpin the theory,513

discussed in Section 3.1, do not hold for most real turbines, either axial-flow or cross-514

flow. Several past studies have noted that these limitations reduce blockage correction515

efficacy [11, 16, 23, 25]. Here, we discuss several of these limitations in the context of our516

experimental results.517

With the exception of Werle’s method, the thrust coefficient corrections are more ef-518

fective than the power coefficient corrections. Axial momentum theory does not account519

for any rotation, either of the turbine or of the wake. While expressions for thrust can be520

derived without this information, power is equal to torque multiplied by the angular veloc-521

ity of the turbine. Therefore, power from a real turbine requires rotation and an exchange522
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of angular momentum between the rotor and the flow. Most blockage corrections based on523

axial momentum theory assume power is the product of thrust and the stream-wise flow524

speed through the rotor. This expression is inaccurate for several reasons. First, the power525

absorbed by an actuator disc does not account for the presence of rotational kinetic energy526

in the wake. Second, although axial momentum theory assumes a frictionless turbine, drag527

on rotating components reduces the torque produced by the rotor. This is accounted for in528

measured torque but is not reflected in axial momentum theory. Finally, thrust measure-529

ments may include components of the system that do not produce torque, such as the hub530

or support structure. These factors mean that real power is not generally the product of531

T and uT . Therefore, because thrust can be expressed directly by axial momentum the-532

ory, whereas power can only be estimated, it is expected that corrections based on axial533

momentum theory would perform better for CT than for CP. This hypothesis is supported534

by the results of our experimental assessment (Fig. 10). To overcome this limitation, a535

blockage correction originating from angular momentum theory would be required.536

Examining the limitations of axial momentum theory may also explain why, as shown537

in Figs. 6 and 8, the CP correction is more effective at lower and higher tip-speed ratios538

than in the center of the curve. As discussed previously, axial momentum theory neglects539

wake rotation. Therefore, it is expected that the corrections will perform better at operating540

conditions with minimal wake rotation. Because wake rotation is a reaction to the torque541

of the rotor, operating conditions that produce less torque also cause less wake rotation.542

These operating conditions correspond to lower and higher tip-speed ratios where torque543

and, consequently, CP are reduced.544

The fact that the corrections are based on axial momentum theory also has interesting545

implications for the tip-speed ratio. Glauert [2] specifies that the angular velocity of the546

turbine and the flow speed through the rotor remain constant between the confined and547

equivalent unconfined conditions. With wake rotation neglected, this justifies the assertion548

that the thrust remains constant as well. However, because the correction is based on axial549

momentum theory, the calculation of V ′0 does not depend on ω. Aside from providing a550

justification for constant thrust between confined and unconfined conditions, the require-551

ment that ω′ = ω is used only to derive Eq. (14), the tip-speed ratio correction. Because552

axial momentum theory does not directly address rotation, prior work [25] has questioned553

whether the equivalent unconfined condition should be that which gives the same angular554

velocity or the same tip-speed ratio. We chose to assume ω′ = ω and correct the tip-speed555

ratio according to Eq. (14), which is in line with Glauert’s statements and gives good556

agreement with the unconfined results.557
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5.5. Maskell’s bluff body correction558

Another relevant restriction of axial momentum theory is that it becomes invalid when559

the unconfined thrust coefficient exceeds unity, as this corresponds to reversed flow in560

the wake. As shown in Fig. 5, the unconfined thrust coefficients of the cross-flow and561

axial-flow turbines tested in this study were within this threshold. However, this is not562

always the case, motivating the use of a blockage correction based on bluff body theory563

for highly loaded turbines. As discussed in Section 1, two prior studies applied a blockage564

correction based on the theory of Maskell [29] to an axial-flow turbine [26] and a cross-565

flow turbine [11]. Both studies found that Maskell’s correction performed better than566

actuator disc methods for highly loaded turbines.567

Maskell observed that blockage corrections based on actuator disc theory were inade-568

quate for objects that produced a bluff body wake. Maskell’s blockage correction is based569

on momentum theory coupled with an empirical description of wake behavior. The deriva-570

tion assumes that the bluff body wake is axisymmetric, the flow is uniform and unidirec-571

tional, and the blockage ratio is small, such that higher-order terms of β can be neglected.572

The correction calculates the free-stream velocity (V ′0,b) that, in an unconfined flow, would573

produce the same flow speed past the object (u2,b). Note that u2,b is the velocity of the shear574

layer downstream of the bluff body and is distinct from u2, the velocity of the bypass flow575

in actuator disc theory. Given measurements of u2,b, V0,b, CT , and β, the ratio u′2,b/V
′
0,b can576

be calculated according to577

(u2,b/V0,b)2

(u′2,b/V
′
0,b)2 = 1 +

CTβ

(u′2,b/V
′
0,b)2 − 1

. (40)

With u′2,b/V
′
0,b known, the equivalent unconfined thrust coefficient can be estimated as578

C′T = CT

(u′2,b/V
′
0,b)2

(u2,b/V0,b)2 . (41)

Since u2,b = u′2,b, Eq. (41) reduces to579

C′T = CT

(V0,b

V ′0,b

)2

. (42)

Although this correction is similar in form to Eq. (13), the unconfined free-stream veloc-580

ity is that which gives the same value of u2,b between confined and unconfined conditions,581

rather than uT . To apply Maskell’s correction as presented, it is necessary to have a mea-582

surement of u2,b. As for Mikkelsen and Sørensen’s correction, it would be difficult to583

identify an unambiguous location to sample this value for an experimental turbine.584
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Rather than applying Maskell’s method exactly as formulated, past studies have ap-585

plied a correction inspired by the theory. Whelan et al. [26] assumed that, when operating586

in a highly loaded condition, a turbine responds primarily to the bypass flow rather than587

the flow through the rotor plane. This allows CT and λ to be corrected as588

C′T = CT

(V0

u2

)2

, (43)

λ′ = λ
(V0

u2

)
. (44)

Neither Whelan et al. [26] nor Kinsey and Dumas [11] attempt to estimate C′P. Eqs. (43)589

and (44) are distinct from Maskell’s original correction, in that they use the bypass veloc-590

ity (u2) as a correction factor, rather than the unconfined free-stream speed (V ′0,b). Further-591

more, to apply Eqs. (43) and (44), Whelan et al. and, subsequently, Kinsey and Dumas592

estimate u2 using actuator disc methods, despite assuming the operating conditions are593

such that actuator disc methods are invalid. Nevertheless, both past studies found that Eqs.594

(43) and (44) were more effective than actuator disc corrections when the rotors were more595

heavily loaded.596

As the bypass flow adjacent to the rotor was not sampled in our experiments, we fol-597

lowed the method of Whelan et al. to correct CT and λ using a Maskell-inspired approach.598

For the sake of investigation, we also corrected CP as599

C′P = CP

(V0

u2

)3

. (45)

The results of applying Eqs. (43)-(45) to our confined performance data are shown in Fig.600

12. The bypass velocity was estimated iteratively according to the method of Houlsby601

et al. Overall, Maskell’s correction performs better at intermediate tip-speed ratios and602

worse at higher tip-speed ratios, which is in contrast to the results obtained by Whelan et603

al. and Kinsey and Dumas. Given that u2 > V ′0, this approach makes a larger correction,604

which reduces some of the error we attribute to Reynolds dependence at the peaks of the605

CP curves. The poor performance at higher tip-speed ratios is unexpected, as the thrust606

coefficients for both turbines in confined flow are similar to the values reported in Whelan607

et al. and Kinsey and Dumas. These mixed results suggest that a bluff body correction608

may be effective, but is not guaranteed to be more effective, even when the rotor is highly609

loaded. The physical justification for use is generally weaker than for axial momentum610

theory, and obtaining a correction factor directly in experiment is likely to be similarly611

problematic to obtaining the wake cross-sectional data necessary to apply Mikkelsen and612

Sørensen’s correction. Consequently, a Maskell-inspired correction applied to experimen-613

tal data may have a relatively large unquantified uncertainty. Finally, a Maskell-inspired614
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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.

correction does not resolve the fundamental mismatch between real turbine power and615

power absorbed by an actuator disk. This being said, prior studies [31, 49] have identified616

similarities between some turbine and bluff body wakes, suggesting that blockage correc-617

tions incorporating elements of bluff body theory could be more effective than those based618

purely on axial momentum.619

5.6. Recommended blockage corrections620

Analytical blockage corrections based on axial momentum theory are imperfect and621

can only provide estimates of the equivalent unconfined condition for performance data622

collected at high blockage. Although axial momentum theory solves for thrust directly,623

an approximate expression for power is required. Here, we demonstrate that for relatively624

high blockage, this leads to higher error in the CP correction, which is unfortunate, as625

the power output of a turbine is often of greater interest than the loading. Despite the626

limitations of these methods, they do reduce the effects of blockage on performance data.627

Encouragingly, two of the methods resulted in less than 20% mean percentage error for the628

power coefficient of the cross-flow turbine tested at a blockage ratio of 0.36, experimental629

conditions that resulted in a change in the local Reynolds number and likely violated many630

of the assumptions of axial momentum theory. The same two methods gave less than631

30% mean percentage error for the power coefficient of the axial-flow turbine tested at a632

blockage ratio of 0.35. It should be noted that the errors shown in Fig. 10 are specific633
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to the turbines and test conditions in this study and should not be taken as indicative of634

the error associated with these blockage corrections for other turbine geometries or test635

conditions.636

Of the corrections evaluated, we recommend the methods presented by Houlsby et al.637

and Barnsley and Wellicome. Houlsby et al.’s correction allows for a deformable free sur-638

face and gave slightly better results for this study, even though no significant free surface639

effects were observed. If thrust measurements are not available, but detailed wake data640

are, Mikkelsen and Sørensen’s correction may be appropriate. However, given the correc-641

tion’s sensitivity to the wake area, we caution against general use in experiments. Even642

though Werle’s correction performed best for the power coefficient, we do not recommend643

this method, due to inconsistencies in the underlying assumptions and poor performance644

for the tip-speed ratio and thrust coefficient. Corrections based on bluff body theory, such645

as the Maskell-inspired correction applied by Whelan et al. and Kinsey and Dumas, may646

be appropriate when methods based on axial momentum theory fail to converge, but they647

should be used with caution.648

6. Conclusions649

This study experimentally examined the effects of blockage on the performance of a650

cross-flow and an axial-flow turbine. Both turbines were characterized under conditions651

of high blockage and negligible blockage, while other significant parameters were held652

approximately constant. Overall, the effects of increased blockage on the turbines’ power653

and thrust coefficients were consistent with prior investigations. These data were used to654

evaluate the performance of analytical blockage corrections for both turbine archetypes.655

Four of the five blockage corrections considered were based on axial momentum theory656

applied to an actuator disc in confined flow and followed the original propeller blockage657

correction presented by Glauert [2]. A correction based on momentum theory applied to658

a bluff body [29] was also evaluated. Interestingly, and in contrast to some prior results,659

we observed that the corrections were more effective for the cross-flow turbine than the660

axial-flow turbine. We hypothesize that this may be a consequence of changes in the661

local Reynolds number associated with our relatively high experimental blockage. This662

indicates that additional care should be taken when applying blockage corrections to data663

collected at transitional Reynolds numbers, which are common in a laboratory setting.664

Our results also demonstrate that corrections for the thrust coefficient performed better665

than corrections for the power coefficient for both turbines. This is likely a combination666

of Reynolds number dependence and the limitations of axial momentum theory. Glauert’s667

original blockage correction provides a system of equations, based on axial momentum668

theory, that can be used to calculate the equivalent unconfined free-stream velocity. How-669

ever, his derivation does not explicitly mention how to apply this correction to measured670
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performance coefficients. Subsequent studies have used his statement that the thrust, an-671

gular velocity of the turbine, and flow speed through the turbine remain constant between672

blocked and unblocked conditions to derive such corrections. However, this requires as-673

suming that the power is given as the product of thrust and the flow speed through the674

turbine, which is inaccurate for real turbines. So, while thrust is calculated directly from675

axial momentum theory, power must be approximated, yielding higher error in the cor-676

rected power coefficients.677

Despite the limitations of axial momentum theory, we have shown that analytical678

blockage corrections can give acceptable results for experimental data. However, the most679

effective way to eliminate blockage effects is to characterize turbine performance under680

approximately unconfined conditions, such that a blockage correction is unnecessary. Un-681

fortunately, the model scales needed to reduce the effects of blockage are often at odds682

with the scales needed to achieve Reynolds independence. Large facilities allow testing at683

both low blockage ratios and high Reynolds numbers but present challenges for collecting684

well-controlled, high resolution measurements. Due to these limitations, certain experi-685

ments will necessarily be conducted in smaller facilities, and corrections will be required686

to account for the effects of blockage.687

Based on our results, in addition to our evaluation of the corrections’ ease of applica-688

tion and mathematical robustness, we recommend the methods presented by Barnsley and689

Wellicome [19] and Houlsby et al. [22]. We also note that the errors shown in Fig. 10 are690

specific to this study, and there is no guarantee that these corrections will give satisfactory691

results for an arbitrary test condition. Our analysis suggests that a new blockage correc-692

tion that accounts for rotation and better describes highly loaded turbines could be more693

effective and is an area deserving of future efforts.694
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