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for the support and advice they have provided throughout my research. They believed in my

ideas when I came to them with an as yet unfunded proposal, and have given me the guidance

I needed to develop them into the document you are about to read.

The work described here would not have been possible without the financial support of the

Environmental Services Association Education Trust (ESAET), to whom I am very grateful.

In particular, ESAET board member Roger Hewitt was instrumental in arranging formalities

between Imperial College and the Trust. I would like to thank my examiners, Prof. Peter W.

Bearman and Prof. Frank Coton, in advance for taking the time to read this thesis.

The whole of the technical services and administrative teams in the Department of Aero-

nautics provided an enormous amount of help to me throughout the project. A great deal

of manufacturing was required over its course, including the construction of an entire new

wind tunnel test section, I would not have managed it without them. Special thanks goes

to Ian James for help in building the test section and for reconfiguring the 3 × 3 lab for

experiments, to Roland Hutchins for advice on the design of parts for manufacture, and for

fabrication of the test aerofoil hubs and test section support, Jon Cole for water-jet cutting

of sheet metal parts and advice on epoxy resin casting, Ian Pardew for manufacture of the

slat aerofoil cast, Mark Grant for his advice on designing parts for three-dimensional printing

and Alan Smith for manufacture of the test section frame. Molly Ip and Susan Avery helped

with the management of the project’s finances, and with the procurement of apparatus from

external contractors.

I have been fortunate enough to work with a number of vertical-axis wind turbine re-

searchers on collaborative projects. Dr. Esteban Ferrer of the Universidad Politécnica de
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Abstract

The need for better quality aerofoil data, extending to incidences well beyond stall, for the

modelling of vertical-axis wind turbine (VAWT) start-up is established through blade element-

momentum modelling. The model is used to show that differences between existing post-stall

data are large enough to impact on turbine performance. The differences between the existing

aerofoil data are found to result primarily from inconsistencies introduced by wind tunnel

blockage and the potential flow-derived formulae used to correct for it.

A blockage tolerant wind tunnel test section has been constructed and calibrated for aero-

foil testing. The tunnel has two semi-permeable walls made up of an array of transverse

aerofoil-shaped slats. It produces free-air equivalent data without the need for blockage cor-

rections. The ratio of slat to open area in the permeable walls that best minimises blockage

has been obtained through testing of five different-sized NACA 0015 aerofoils.

In free-air, results for the five aerofoils would be identical. The open area ratio that

produces the most consistent results for the five aerofoils, based on a standard deviation

analysis of the results, is therefore judged to be the best. The aerofoils are tested in a solid-

walled wind tunnel, and the data processed using a selection of blockage corrections. The

corrections are also judged using a standard deviation analysis.

The tolerant tunnel, configured with the best open area ratio, outperforms the best cor-

rections. Comparisons are made between results from the tolerant and solid-walled tunnels

for the smallest (least blocked) aerofoil, with the latter corrected for blockage. Results are

equal to within experimental error.

Three additional aerofoils (a symmetrical NACA 0018 and two cambered versions of it)

are tested in the tunnel. Results are used in a numerical study of virtual camber effects on

VAWT blades. The effect is found to be significant in turbines with large blade chord to
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turbine radius ratios. Assessments of Reynolds number effects between 20 000 and 300 000

and camber, for attached and detached blade flows, on forces are presented for all four profiles.

A critical Reynolds number is established, above which a laminar separation bubble is able

to form on the aerofoil’s suction surface. Lift generation before stall improves greatly at

supercritical Reynolds numbers.

VAWT start-up is modelled using a blade-element momentum method and the new ex-

perimental results. A conclusion is reached on the causes of characteristic VAWT start-up

behaviour. The turbines enter an idling phase and either get stuck in it due to the presence of

a “dead band” of negative torque production at low tip-speed ratios, or exit it into a rapid ac-

celeration to final highest speeds. The behaviour results from blade Reynolds number effects,

specifically the large jump in aerofoil performance at the critical Reynolds number. When

turbines successfully self-start, blades are able to operate in local flows with supercritical

Reynolds number for a sufficient portion of their rotation to slowly accelerate through the

idling phase. When they encounter a “dead band” this is not the case.
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Chapter 1

Introduction

Vertical-axis wind turbines (VAWTs) rotate about an axis perpendicular to the flow, causing

torques produced to vary over the course of a rotation, with negative torque production in

some sectors. The ability of fixed-blade Darrieus VAWTs to self-start is doubted by some,

due to a predicted “dead band” of negative net torque production at certain low tip-speed

ratios (TSRs) [1], though self-starting has been observed in controlled conditions [2, 3, 4, 5]

and in field tests. In this study, self-starting ability is defined, following Bianchini et al. [6],

as when a turbine accelerates through its entire power curve to its fastest equilibrium state

unaided. The power curve is the plot of power coefficient, CP , against TSR, refer to Figs 6.17

and 6.18 for some example curves. TSR is defined as:

TSR =
ωR

V
(1.1)

where ω is the turbine’s angular velocity, R its radius and V the wind speed.

Where successful start-up is observed, turbines encounter an idling period of very low

acceleration, indicating that while the negative torque “dead band” may not exist, a region

of TSRs where torques are at least very low certainly does. The start-up phase of operation

is fundamental to the design of smaller turbines. The majority of commercially available

VAWTs are small to medium scale (< 15 kW). Moderate improvements to starting capability

can improve a turbine’s annual energy yields greatly [7] by allowing useful energy extraction

in lower winds.

For most applications, aerofoils are not expected to encounter deep stall, which typically
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Chapter 1. Introduction

starts at an incidence, α, of approximately 20◦, so testing rarely extends beyond the range

−20◦ ≤ α ≤ +20◦ (see, for example, [8]). Post-stall operation is expected of wind turbine

blades during start-up, with the inboard regions of horizontal-axis wind turbine (HAWT)

blades and the full length of VAWT blades experiencing angles deep into stall at low TSRs

[9]. VAWT performance, particularly during start-up, is sensitive to small changes in aerofoil

characteristics at certain post-stall angles [2], making accurate post-stall data desirable for

the study of these machines.

This study aims to explain observed non-linear VAWT acceleration patterns and the “dead

band” through analysis of all the main aerodynamic phenomena at play during turbine start-

up. The primary focus is on post-stall aerofoil performance and how best to obtain good

quality experimental aerofoil data when flow is separated. Wind tunnel blockage is an impor-

tant consideration in such experiments. Even small aerofoils can heavily block a tunnel when

stalled, and blockage corrections are not suited for use with extensively separated flows [10].

Aerofoil experiments have been conducted in a blockage tolerant wind tunnel design [11]

that produces free-air equivalent data without the need for blockage corrections. Prior use has

been made of the tunnel for aerofoil testing with attached flows [12], for moderately stalled

aerofoils [13], for unsteady aerofoils [14] and for bluff bodies [15] but this study represents the

first application of the design to deeply stalled aerofoils.

1.1 Vertical-axis wind turbine start-up

The 1970s and 1980s saw a burst of VAWT development precipitated by the OPEC oil crisis

[16]. A number of large turbines were designed configured with troposkein-shaped blades,

curved after the shape a spinning rope held at both ends naturally takes, in an effort to

minimise non-tensional structural forces acting on them. Today’s typically smaller VAWTs

endure lower structural forces and primarily use either straight or helical blades. With im-

provements in material technologies even larger contemporary VAWTs under development use

straight blades. One example is the Nenuphar Twinfloat, a 5MW prototype floating VAWT

design [17]. Straight-bladed turbines are also the most common configuration used in experi-

mental studies (refer to Table 6.1 for VAWT studies from the literature), so there is a body

of data against which to validate numerical analyses. This study therefore focuses on small,
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Figure 1.1: TSR development with time from the transient start-up experiments

of Hill et al. [2], Rainbird [3], Bianchini et al. [4] and Chua [5].

straight-bladed VAWTs, see Fig. 1.2.

A limited number of studies have produced time-dependent VAWT start-up data. Fig. 1.1

shows experimental results for TSR against time taken at Durham University (those of Rain-

bird [3] and Hill et al. [2]) at a selection of wind speeds, alongside results of other similar

studies. In all experiments the turbines rotate under their own power and are allowed to

free spin, with no electrical generation equipment or other loading connected to them. For

turbines dimensions, see Table 6.1.

Durham experiments [2, 3] were conducted in a large wind tunnel (1.7 m × 1.15 m cross

section). Rainbird’s results [3] produce a successful self-start at 6.17 m/s and a failure at 5.14

m/s, highlighting the sensitivity of VAWTs to flow conditions: a difference in flow velocity

of 1 m/s results in very different turbine performance. A turbine point of equilibrium is a

condition at which the average torque generated around a full rotation is zero. The turbine

tends therefore to maintain a steady rotation when a point of equilibrium is reached. Should
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Chapter 1. Introduction

its speed dip but all other conditions remain equal, a positive torque is produced and the

turbine accelerates back to equilibrium. Should it speed up a negative torque is produced and

it decelerates back to equilibrium.

The successful self-starting Durham runs exhibit an idling period of slow acceleration until

a TSR of approximately 1.6 has been reached after 140 seconds, at which point the turbine

rapidly accelerates to its highest equilibrium state at a TSR just above 3. The unsuccessful

5.14 m/s run is unable to overcome the idling phase, getting stuck at an earlier equilibrium

TSR of 0.6 that is not encountered in the other runs. The “dead band” typically starts at

TSRs around this point [1].

Bianchini et al. also conducted start-up experiments in a large wind tunnel (3 m × 3 m)

[4, 6], their turbine successfully self starts at V∞ = 6 m/s displaying a similar two-stage

acceleration pattern to the Durham turbine. A 140 seconds idling period is followed by rapid

acceleration to the highest equilibrium state at a TSR of 3.4. The turbine was also tested at 3

m/s and was able to self-start to a TSR of 3.9, but with a longer idling period of 325 seconds.

Chua conducted experiments with three large fans providing a wind speed near to the

turbine of approximately 5 m/s (measured with an anemometer) [5], his turbine again demon-

strates an idling period, of 160 seconds, followed by rapid acceleration to a TSR of 3.

South and Rangi [18, 19] tested two small rotors in a wind tunnel at 5.2 m/s: a three-

bladed turbine with straight blades and another with troposkein-shaped blades, where the

blade number was varied between one and six. During self-start tests of the troposkein

turbine it achieved a maximum TSR of 0.5, but if assisted to a TSR of 2.6, would accelerate

rapidly to its highest equilibrium state at a TSR of 8.6, suggesting a “dead band” of negative

torque production exists at TSRs in the range 0.5 - 2.6 for this particular turbine at this flow

speed. They did not publish transient results from the turbine.

1.2 VAWT Aerodynamics

Due to the arrangement of the turbine’s axis of rotation perpendicular to flow, the apparent

velocity experienced by a VAWT blade, Vb, and its incidence angle, α, are dependent on its

position during rotation, defined by the azimuth angle θ, see Fig. 1.2 for a blade velocity

triangle. It can be seen that Vb and α are functions of the rotational velocity, ωR, and the
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Figure 1.2: VAWT velocity triangle.

component of the flow through the turbine, VW , resolved into a blade chord-wise direction us-

ing the azimuth, together with the blade-normal component of VW . Note that by comparison,

Vb and α are defined only by ωR and VW in a HAWT.

Dependence on azimuth means that blade effective angle of incidence is varying, even at

a constant wind speed and TSR. At higher TSRs where the rotational velocity component

comes to dominate the velocity triangle there is less incidence variation, but during start-up

a wide range of incidences is present. Fig. 1.3 shows lift, drag and tangential coefficients

against incidence for the NACA 0015 [20], a profile commonly used in VAWTs. The incidence

extremes experienced by VAWT blades at different TSRs have been highlighted: at a TSR of

4, it can be seen that these do not extend much past stall points, but at TSR = 1, angles as

high as ±90◦ are encountered. At this TSR, the tangential coefficient (which provides turbine

torque) looks to be close to zero if integrated around a full rotation of the turbine, hence the

low acceleration shown in Fig. 1.1.
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Figure 1.3: Lift, drag and tangential coefficients against incidence [20], with limits

in VAWT blade incidence at different TSRs highlighted.

1.3 Modelled start-up

To demonstrate the sensitivity of VAWTs to post-stall aerofoil performance, the start-up of

a turbine has been modelled using a blade-element momentum (BEM) model with aerofoil

coefficients based on Sheldahl and Klimas’s post-stall study [20]. This BEM model is described

in Ch. 6 of this thesis. Fig. 1.4a shows lift and drag coefficients, Cl and Cd, against α for the

NACA 0015 aerofoil. The Cl designated as type A is that of the reference [20], while type B

is a lift characteristic modified to exhibit 10% higher post-stall peaks in Cl at incidences of

45◦ and 140◦. Fig. 1.4b shows the resulting turbine torque coefficient CQ against TSR from

the BEM code using Cl types A and B (the same Cd was used for both runs). Fig. 1.4c shows

the development of TSR with time from a standing start. The 10% increase in post-stall lift

peaks is sufficient to impact on the prediction of successful self-starting, the Type A turbine
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Figure 1.4: Effects of small changes in post-stall lift on VAWT performance.

failing to accelerate along its entire power curve due to a “dead band” of negative torque in

the range 0.4 <TSR< 1.6.

1.4 Phenomena governing start-up behaviour

The characteristic start-up performance of a VAWT, resulting in either non-linear acceleration

or a stagnation due to presence of a “dead band”, could result from a number of aerodynamic

effects. As well as post-stall aerofoil performance, those most likely to significantly influence
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behaviour of the turbines during start-up are briefly introduced below and discussed in more

detail in Ch. 6. All of the effects are considered to varying degrees in the code used to produce

Fig. 1.4.

Unsteady aerodynamics

When an aerofoil is undergoing motions that result in time-dependent variations of the effec-

tive angle of attack, the instantaneous forces generated by it are different to those generated

at similar, static incidences. Where the variation takes the incidence above the static stall

angle, the aerofoil will experience dynamic stall [21].

Dynamic stall results in an overshoot of static stall angle and maximum lift when effective

incidence is ramping up, but when the stall does occur a vortex is shed from the leading

edge of the aerofoil. Lift is enhanced as long as the vortex is above the suction surface of

the aerofoil, but it is soon carried along the surface downstream of it by the prevailing flow.

The centre of pressure moves downstream rapidly, resulting in generation of large pitching

moments [22].

Forces generated by aerofoils demonstrate significant hysteresis depending on whether or

not incidence is increasing or decreasing, with an undershoot of static stall and maximum lift

when effective incidence is decreasing. The influence of the dynamic effects is proportional to

the reduced frequency k of a system

k =
ωc

2V
(1.2)

where c is the aerofoil chord and ω is the circular frequency of the oscillation. At k <

0.05, a system can be considered quasi-steady, at 0.05 < k < 0.2 unsteady effects should be

considered in any analysis. At k > 0.2 the system is highly unsteady and dynamic effects

come to dominate performance [22]. For the Durham VAWT, these limits equate to TSRs of

0.48 and 1.90, putting the vast majority of the start-up process within a range of k where

dynamic effects are significant. Crucially, this includes the key TSR of approximately 0.6

where successful and failed start-up paths diverge (see Fig. 1.1).
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Blade Reynolds number effects

Large variations in VAWT blade apparent velocity, particularly at low TSRs, mean that the

blades experience a wide range of Reynolds numbers, Re. At a TSR of 1, in a windspeed of

5m/s, the blades of the Durham turbine will experience Reynolds numbers from approximately

0 to 50 000. See the following Section 1.5 for more on aerofoil behaviour in attached flows and

aerodynamic stall, as affected by the Reynolds number.

There is very little post-stall aerofoil data available at any Reynolds numbers and a lack

of even pre-stall data at Reynolds numbers below around 300 000, see Section 1.7, making

quasi-steady analysis of turbine start-up a challenge unless using an aerofoil for which such

data exists. New experimental results covering Reynolds numbers of 20 000 - 300 000 for the

NACA 0015, NACA 0018 and two transforms of the NACA 0018 are presented in Ch. 5.

Blade-wake interactions

Due to the vertical axis of rotation, blade-wake interactions occur in VAWTs, with blades on

the downstream half of the rotation encountering the wakes of those on the upstream half of

the rotation. Interactions have a particularly significant impact at TSRs of 0.5 to 1.6 [23], a

region covering most of the start-up process.

Flow curvature

VAWT blades experience an apparent curvilinear flow due to the path of their rotation, while

aerofoil lift and drag data is obtained in rectilinear flow in wind tunnels. This curved flow

imparts virtual camber and incidence effects onto the blades [24], meaning that blade lift and

drag data must be modified to account for these, or data for aerofoils with real camber and

incidence used when analysing the turbines. The effects are more pronounced in turbines with

higher c/R ratios and at higher TSRs [24]. The two transforms of the NACA 0018 presented

in Ch. 5 are cambered following virtual camber theory, in order to study the effect on VAWTs

numerically.

Some modelling of turbine start-ups has applied virtual camber to blades only once a

certain TSR is reached, or for the start-up, or not at all, with self-start success or failure

dependant on application of the camber effect [4].
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1.5 Stall and attached flow aerofoil behaviour

Stall is the process by which a lifting body suffers a drop in the lift force it generates due to

the separation of flow from its suction surface. Whether separation occurs or not is a function

of phenomena occurring in the shear layer surrounding the body. In aerofoils, with rounded

leading edges, separation is dependent on pressure gradient (itself dependent of the curvature

and orientation of the aerofoil) and the Reynolds number of the flow.

In the range of Reynolds numbers assessed in this study, if the boundary layer on the

aerofoil is laminar, as the adverse pressure gradient on the suction surface is increased (i.e. by

increasing incidence) it will either separate or could briefly separate, transition to turbulent

flow, then reattach, forming a separation bubble, see Section 1.5.5. At higher Reynolds

numbers, the boundary layer could transition to turbulence without any separation. Turbulent

boundary layers resist separation better than their laminar equivalents due the better mixing

in the layer giving better momentum transfer and a fuller velocity profile.

McCulloch and Gault define three types of stall for low speed flows: trailing edge, leading

edge and thin aerofoil stall [25], described in the following sections and shown in Fig. 1.5,

along with some combined stall types. Their experiments were conducted at Re = 5.8× 106.

Later work extended the Reynolds numbers considered to the range 700 000 - 25×106 through

a review of the literature available at the time [26]. Relationships between Reynolds number,

aerofoil thickness and stall type were established in this Reynolds number range, which is well

above the range considered here.

Carmichael’s review covers a wider range of Reynolds numbers, from fractional values up

to 109, but the focus is on the lower end of the range, at 20 000 - 200 000, almost coincident

with this study [28]. He defines five lift curve and polar types, based solely on lift curve

and polar shapes from the literature. Limited attempts are made to formulate relationships

between behaviours and aerofoil shape or Reynolds number. See Section 1.5.4 for more on

Carmichael’s stall types.

1.5.1 Trailing edge stall

Usually affecting thicker aerofoils, particularly at higher Reynolds numbers, this stall sees

separation occurring first near the trailing edge of the suction surface, see Fig. 1.6. The point
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Figure 1.5: Typical lift curve slopes for different types of stall [27] (after [26]).

of separation gets progressively nearer the leading edge as incidence is increased until finally

flow is completely separated across all of the surface. At the point of maximum lift, separation

is across approximately half of the surface. It is characterised by a smooth, gradual change

in the gradient of the lift curve slope as stall is approached and passed.

1.5.2 Leading edge stall

The sharp, sudden drop in lift associated with leading edge stall, as seen in Fig. 1.5 (curve B),

is caused by the bursting of a laminar separation bubble. It primarily affects sections with

moderate thickness of 9 - 15%. At angles below stall, a laminar separation bubble is present

on the aerofoil’s suction surface. Peak pressure occurs near the leading edge, aft of which is

a region of pressure recovery with an adverse pressure gradient. As incidence is increased,

the pressure gradient increases in strength, pulling the point of separation, and with it the

bubble, forward. Just before stall, the bubble is near to the peak pressure point, see Fig. 1.6.

At the stall angle, the pressure gradient becomes too large for the bubble to sustain and it

suddenly bursts, with instantaneous separation across the whole pressure surface occurring.

The stall is very sharp, with little or no change in the lift/incidence slope before the sudden

drop in lift.
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Figure 1.6: Stall types according to Khoo [29].

1.5.3 Thin aerofoil stall

Typical of sharp-leading edged profiles and thin, rounded profiles (with thicknesses below

9% of chord), thin aerofoil stall is smooth and gradual like trailing edge stall, but features

lower values of maximum lift coefficient, ClMAX. At some incidence a certain point before

the maximum lift and stall, the lift curve has a characteristic “kink”. At angles below this

incidence, there is a bubble on the suction surface, positioned near the leading edge. After

the kink, it begins to increase in size with increasing incidence, see Fig. 1.6, until at the point

of maximum lift it stretches across the suction surface. Beyond this, stall occurs and flow is

fully separated.
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1.5.4 Carmichael’s lift curve and polar types

Carmichael classifies a number of different lift curve and lift/drag polar characteristics, shown

in Fig. 1.7. He states that generally, a given aerofoil will perform following either A or B type

behaviours at higher Reynolds numbers, regressing to the C, D or E types as Reynolds number

is decreased. Aerofoils with B and C type curves tend to provide the best performance in

terms of L/D ratios.

Aerofoils with excessive thickness or camber are more likely to exhibit the distorted curve

shapes of C or D at a given Reynolds number. E type behaviour is generally associated

with aerofoils with minimal thickness and camber, or with very thick aerofoils. Note that

McCulloch and Gault’s stall types would be classified as type A (leading edge or trailing

edge) or type B (thin aerofoil) under Carmichael’s classification.

1.5.5 Laminar separation bubbles

Laminar boundary layers are susceptible to separation, particularly in the pressure recovery

region of the suction surface, due to their inability to sustain much of an adverse pressure

gradient [30]. Separated shear layers are more susceptible to transition to turbulence, and

when laminar boundary layers separate they rapidly do so. Once turbulent, the shear layer
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will reattach to the aerofoil surface due to the greater entrainment of flow, forming a laminar

separation bubble, enclosing an area of recirculating flow [30]. See Fig. 5.10b for a diagram

of a bubble showing the separation point, transition and reattachment, alongside a typical

pressure distribution across a bubble.

The length required for the separated shear layer to transition and reattach is defined

by a Reynolds number of around 50 000 [28] (referred to as the “critical Reynolds number”

Recrit, the specific value is dependent on profile shape and surface roughness among other

variables), so bubbles are shorter in higher Reynolds number flows. In flows with Re < Recrit,

the transition occurs downstream of the trailing edge of the aerofoil so the flow is unable to

reattach and form a bubble, with separation occurring across the whole suction surface at

even moderate incidences.

The laminar separation bubble has a significant impact on aerofoil performance at Recrit <

Re < 700 000 and continues to have measurable effect on characteristics up to Re = 4 × 106

[28]. It has a bigger effect at lower Reynolds numbers due to the larger size of the bubble.

Presence of a bubble can lead to a hysteresis in lift and drag behaviour with incidence where

stall is caused by a sudden bursting of a bubble. Flow may not reattach until the incidence is

decreased some way below the stall angle, due to a discrepancy between the pressure gradient

that can be tolerated by a bubble and that at which a bubble can reform.

1.6 Post-stall aerofoil data for VAWT modelling

The modelled start-ups presented in Section 1.3 have established that variations in post-stall

aerofoil performance can have a large impact on the model output. Throughout this thesis, the

term “post-stall” refers to aerodynamic characteristics in the range of incidences between stall

angles, approximately 10◦ < α < 170◦ (and the corresponding negative incidences). The term

“deep stall” refers to the range of incidences 20◦ < α < 160◦ (and the corresponding negative

incidences) and “the immediate vicinity of stall” to 10◦ < α < 20◦ (and the corresponding

negative incidences).

Low-order models, such as the BEM code used for the start-ups, still represent an industry

standard for the analysis of wind turbines. Whether used as a first step in the design process,

or in coupled codes for the analysis of aerodynamics, hydrodynamics, structural and control
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dynamics simultaneously [16], they are used ahead of more advanced analyses due to their

robustness and speed. Reasonably accurate results have been produced by other researchers

using BEM codes for studies on VAWT acceleration [6] and for power and operating range

calculations [31].

Until such time as advanced computational methods become cheaper and more reliable,

low order methods will remain an important tool in wind turbine design. For VAWT start-up,

where stall is encountered, BEM codes are preferable to potential flow methods as they can

provide results where flow is separated. Unlike potential flow methods, BEM codes require

two-dimensional aerofoil data as inputs, making high quality post-stall aerofoil data vitally

important to the design of VAWTs for better self-start.

1.7 Existing aerofoil studies

Little aerofoil data exists covering a full range of incidences (0◦ to 180◦ for symmetrical

aerofoils, 0◦ to 360◦ for others) and, in particular, there is a lack of data taken at the low

Reynolds numbers at which typical VAWT blades operate. For example, the commercially

available Urban Green Energy Visionair 3 turbine [32] has a 1.8 m diameter and 0.38 m blade

chord. In accelerating from standing to TSR = 2 in a wind speed of 6 m/s, it will experience

a maximum blade Reynolds number of only 450 000.

1.7.1 Post-stall studies

Existing aerofoil studies that cover a wide range of incidences in the post-stall region do not

show strong agreement. Fig. 1.8 reproduces Cl and Cd from the studies of Bergeles et al. [33],

Critzos et al. [34] and Massini et al. [35] for the NACA 0012, Sheldahl and Klimas [20] and

Pope [36] for the NACA 0015 and those of Du et al. [37] and Timmer [38] for the NACA 0018.

The differences in thickness between the NACA 0012, 0015 and 0018 should have a limited

impact on results where flow is separated. Sheldahl and Klimas presented results for the

NACA 0009, 0012 and 0015 with performance in deep stall shown to be largely independent

of thickness [20].

At the second lift peak at α ≈ 45◦, values of Cl vary between 0.98 and 1.18, a difference of

20%. At peak drag at α ≈ 90◦, Cd is between 1.75 and 2.07, an 18% variation. The variation
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Figure 1.8: Cl and Cd vs α for selected NACA 00XX studies (see Table 1.1 for

references). 16
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in the lift peak is more than sufficient to impact on accurate modelling of VAWT start-up, as

shown in Section 1.3, suggesting more accurate post-stall data is required to simulate start-

up with confidence. These uncertainties in aerofoil characteristics are perhaps the reason

that, in spite of experimental studies showing that VAWTs with straight, symmetrical blades

are capable of self-starting (see Fig. 1.1), accurate modelling of successful start-up can be

impossible without modification of the input aerofoil coefficient data: Bianchini et al. switch

off “virtual camber” effects at low TSRs [6] while Rossetti and Pavesi [39] apply the post-stall

model of Viterna and Corrigan [40] to their blades.

The selected studies shown in Fig. 1.8 represent all investigations of symmetrical aerofoils

post-stall that the authors could find, other than Zhou’s work at very low Reynolds numbers

[42] and Poisson-Quinton and de Sievers’s study [48], for which no information about exper-

imental configuration could be found (see Timmer [49] for a review of NACA 0012 data and

Lindenberg [50] for a more comprehensive review including cambered aerofoils). The studies

are summarised in Table 1.1.

1.7.2 Low-Reynolds number aerofoil experiments

Also included in Table 1.1 are the low Reynolds number studies of Althaus [8, 51] and Jacobs

and Sherman [43] that do not extend to deep stall, and are referenced later in this thesis.

Studies taken at low Reynolds numbers are rare, much like post-stall data, though interest

from the UAV and wind turbine industries mean such experiments are becoming more com-

mon. Though data has not been directly referenced from them, the low Reynolds number

experimental reviews of Miley [30] and the numerous original low Reynolds number works

of Selig, particularly on wind tunnel testing methodology [52] have proved invaluable to this

study.

1.7.3 Inconsistencies between data from the literature

Table 1.1 contains information on factors that can affect aerofoil force measurements taken

in wind tunnels, namely the Reynolds number of the flow, the aspect ratio of the wing under

test (a relevant consideration even when trying to reproduce two-dimensional flows), the

chord-to-height ratio, c/H, of the aerofoil and tunnel and the methods used to combat wind
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Source Post-stall peak Re c/H A Corrections
Cl Cd (×106) (see below)

NACA 0012 studies

Althaus [8] - - 0.15 0.33 1.85 a, e
Bergeles et al. [33] 1.08 1.90 0.76 0.14 1.70 a, b, d, f
Critzos et al. LTPT [34] 1.13 2.08 1.80 0.07 6.00



a, eCritzos et al. LTPT [34] 1.15 1.96 0.50 0.07 6.00

Critzos et al. Langley 7× 10 [34] 1.14 2.07 1.36 0.10 7.00
Dong-Ha et al. [41] - - 0.02 - 0.05 0.36 2.78 none
Massini et al. [35] 1.18 1.99 0.96 0.13 2.00 a, d, f
Sheldahl and Klimas [20] 1.10 1.83 0.36 0.07 6.00 a, c, f
Zhou et al. [42] 0.98 1.45 0.005 - 0.05 0.17 2.70 d

NACA 0015 studies

c/H = 0.10 (this study) 1.10 1.92 0.02 - 0.25 0.10 10.00




b2
c/H = 0.15 (this study) 1.04 1.87 0.06 - 0.25 0.15 6.67
c/H = 0.20 (this study) 1.10 1.92 0.06 - 0.25 0.20 5.00
c/H = 0.25 (this study) 1.13 1.85 0.06 - 0.25 0.25 4.00
c/H = 0.30 (this study) 1.19 1.85 0.06 - 0.25 0.30 3.33
Jacobs and Sherman [43] - - 0.17 0.081 6.001 h
Pope [36] 0.98 1.77 1.23 0.17 1.67 a, g
Sheldahl and Klimas [20] 1.05 1.86 0.36-0.70 0.07 6.00 a, c, f

NACA 0018 studies

Du et al. [37] 1.11 1.75 0.06 - 0.14 0.28 3.54 b
Timmer [38] - - 0.15 - 1.00 0.20 7.20 b, d

a. Rae et al. [44], see § 2.1.10 e. Boundary measurements, see § 2.1.7
b. AGARD [45, 46]/ESDU [10], see § 2.1.5 f. Turbulence factor [44], see § 2.1.8
c. Horizontal buoyancy [44], see § 2.1.4 g. “Breather” section in wind tunnel [36]
d. Maskell [47], see § 2.1.6 and 2.1.10 h. Apparatus-specific correction regime [43]

1. Jacobs and Sherman’s study uses finite wings. c/H is not a good indicator of blockage for
these experiments (See § A.2.3).
2. a and d also assessed, see § 2.1.10, c found to produce insignificant adjustments (§ 2.1.4) and
not applied, f assessed but not applied (§ 2.1.8).

Table 1.1: Summary of aerofoil studies referenced in this paper. Where a range of Reynolds

numbers is given, peaks are for Re = 150 000 or the nearest alternative.

tunnel blockage (see Section 1.8). Other factors can affect performance, such as model surface

roughness and turbulence, but these are not routinely given in papers.

Where flow is attached, poor agreement between studies conducted at low Reynolds num-
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bers is well established [53, 28, 30], due to the impact of experimental inconsistencies including

flow quality, measurement methods, measurement accuracy and model accuracy. Small errors

and inconsistencies that would not be significant in higher Reynolds number experiments are

magnified at low Re.

For studies that have varied the Reynolds number in deep stall (where flow is separated),

findings on Reynolds number influence on post-stall aerofoil performance are inconclusive,

suggesting variations between existing studies also result from experimental inconsistencies.

In addition to the inconsistencies associated with attached flows, different blockage reduction

techniques can be responsible for large variations between studies.

For the reader’s convenience, the studies referenced in Table 1.1 are summarised in greater

detail in in Appendix A.

1.8 Wind tunnel blockage

Provided the area blockage ratio is within reasonable bounds, wind tunnel blockage is not

an important consideration for conventional aerofoil studies at moderate angles of attack.

Corrections to account for the blockage of models under test and that of their wakes, along

with the constriction to curvature imparted on flows by tunnel walls, are derived from classical

potential flow theory and are well established [10]. Where blockage is low and flow is attached,

corrections rarely have a significant effect on data and they are seldom discussed in reviews

of experimental inconsistencies [53, 28, 30].

There are a number of alternative correction methodologies that can be applied to data,

with no established best practice, particularly where flow is separated. Ch. 2 contains a review

of corrections and derivations of them from potential flow and empirical means. Evidence is

presented of the significant impact a researcher’s choice of corrections has on results. An

assessment of the correction methodologies is given based on their ability to correct raw data

from five different sized NACA 0015 aerofoils to a common set of free-air equivalents.

The majority of correction methods are not designed for use with extensive separated

flows. As such, a review of alternative means of minimising blockage that are better suited

to separated flows is also presented.
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1.9 The blockage tolerant tunnel

The tunnel design settled on for use in the study reduces blockage through physical means. It

uses a passive blockage tolerant design, with transversely slatted walls replacing the conven-

tional solid tunnel walls on the wall opposite the test aerofoil’s suction surface, or the walls

opposite both the suction and pressure surfaces, see Fig. 2.11. The slotted gaps between the

slats allow flow to exit and re-enter the main channel of the tunnel, avoiding the model under

test and reducing blockage. The open area ratio, OAR, of slotted gaps in the walls to total

wall area, must be set to a certain level which is model and tunnel dependent.

If the OAR is properly calibrated, the tunnel can provide near-blockage free data for a

wide range of model sizes and model types [54], with no need for blockage corrections. The

downside of the tunnel’s use is the extensive preparatory experiments required before main

testing can take place. Ch. 4 documents the design and build of the new test section, a process

that would not need to be repeated by future tunnel users, but also the lengthy calibration

experiments required to ensure the tunnel’s OAR is appropriately set. These would need to

be repeated for any non-aerofoil models to ensure the best levels of blockage reduction.

1.10 Summary of research objectives

The first primary objective of this work is the study of VAWT start-up. The aim is to provide:

An explanation of VAWT start-up behaviour

The causes of the characteristic non-linear acceleration pattern of the turbines, with a long

period of idling followed my rapid increases in speed, or the encountering of a “dead band” of

negative torques preventing self-start, will be established. This will be achieved through the

development of a BEM method tailored to model VAWTs at the low TSRs encountered at

start-up. Code development is covered in Ch. 6, along with validation to experimental studies

on blade forces and start-up.

The code considers all the main effects influencing behaviour during start-up (listed above

in Section 1.4). Work to quantify their impacts on the forces generated by turbine blades

is presented, again with comparisons made to experimental studies. Finally, a conclusion is
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drawn on the main cause of VAWT acceleration patterns and the “dead band”, in Ch. 6.

Aside from the inherent approximations necessary in low-order modelling, BEM codes are

limited primarily by the quality of aerofoil data input to them. At low TSRs, VAWT blades

experience effective incidence well into deep stall, making good quality post-stall data key to

the accurate modelling of start-up with BEM codes. The review of the literature, presented in

Section 1.7.1, has revealed large uncertainties in aerofoil forces where flow is separated. Work

to establish the causes of these are presented in Ch. 2. Wind tunnel blockage and the steps

taken to counter it are found to be the largest contributor. As such, the the second primary

objective of this study is:

The provision of a highly accurate set of post-stall aerofoil data

New experimental data is presented for four aerofoils, over a full range of incidences (0◦ to

180◦ for symmetrical aerofoils, 0◦ to 360◦ for others). A blockage tolerant tunnel was built and

calibrated for the collection of data, requiring no blockage corrections, see Chapters 3-4. A

conventional, solid-walled tunnel was also used in conjunction with blockage corrections, and

comparisons made between the two blockage reduction techniques. Results from both tunnels,

and the comparison between them are presented in Ch. 5. There is good agreement between

corrected data from the solid-walled tunnel and the data from the tolerant wall tunnel. This

gives confidence in the use of the tolerant tunnel to measure datasets of this type.

Blockage is the main source of experimental inconsistencies in wind tunnel experiments on

aerofoils and different blockage reduction techniques can provide very different results from

the same raw experimental data. As such, the agreement between the two different blockage

reduction techniques suggests that blockage has been suitably minimised in both and that the

datasets are highly accurate.

1.11 List of publications

Journal articles

J. Rainbird, J. Peiro and M. Graham, “Blockage-tolerant wind tunnel measurements for a

NACA 0012 at high angles of attack”, J. Wind Engineering and Industrial Aerodynamics,
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Wind tunnel blockage and methods

used to limit its impact

Conventional wind tunnels, with solid-walled test sections, do not provide an accurate repro-

duction of unconstrained steady flow. Their walls constrain any streamline curvature induced

by the model and together with the model block the flow through the tunnel, causing it to

speed up. Fig. 2.1 shows a comparison of streamline development around an aerofoil in a

wind tunnel and in free air. The figure was prepared using the panel method described in

Section 3.2. The streamlines in both cases start from the same points. Those constrained by

the tunnel show less curvature than the free air equivalents and are forced closer together by

the blockage of the aerofoil and tunnel walls. Forces generated by the aerofoil under test and

surface pressures on it are therefore different to those in free air.

This chapter covers some of the methods used to limit the effects of blockage on data

obtained from wind tunnel experiments, both through correcting formulae and apparatus

modifications.

2.1 Blockage corrections

By far the most common approach is to apply blockage corrections to data taken in solid-

walled wind tunnels. These are composed of elements to correct for the blockage due to

the model, due to the model’s wake, and to streamline curvature. They are derived using
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Tunnel walls
Tunnel wall constrained streamlines
Free air streamlines

Figure 2.1: Effects of wind tunnel walls on streamlines around an aerofoil.

potential flow theory for streamline constraints and wake blockage, and through potential

flow and empirical methods for solid blockage, or through wholly empirical means for solid

and wake blockage components together. A number of correction regimes exist, producing

different effective free air results from the same raw data. This section provides derivations

of the corrections used in the current research, a comparison with other corrections used in

studies referenced in this thesis, and a general critique of correction formulae.

2.1.1 Lift interference

Lift interference is caused by the limitations placed on streamline curvature by the tunnel

walls, i.e. the part of the wall interference due to circulation generated by the model. Cor-

rections for it were by first derived by Glauert, who proposed a correction to the angle of

incidence, ∆α, obtained by modelling the aerofoil under test as a point vortex at its quarter

chord [55]. The vortex has strength Γ = 1
2ClUuc, where Cl is the lift coefficient, Uu the

measured flow velocity in the wind tunnel (i.e. uncorrected for blockage effects, denoted by

the subscript u) and c is the aerofoil chord. The tunnel walls are modelled using a method

of images (see Appendix B) and can be shown to induce an upwash at the half-chord of the

aerofoil. The induced incidence ∆α can be obtained from the angle between the free-stream

and the velocity vector equating to the free stream plus this upwash, in terms of uncorrected

lift coefficient Clu, chord and tunnel height, H, as

∆α =
π

96

( c
H

)2
Clu (2.1)
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See Appendix B.1 for a full derivation of this correction.

Allen and Vincenti [56] show that if the aerofoil is modelled as a distribution of vorticity

along its chord, Eqn. (2.1) becomes

∆α =
π

96

( c
H

)2
(Clu + 4Cmu) (2.2)

taking account of the actual centre of lift of the model through the inclusion of the uncorrected

coefficient of moment, Cmu, term. Using thin aerofoil theory and assuming that dCl/dα ≈ 2π,

the induced lift, ∆Cl, and moment, ∆Cm, can be calculated from ∆α as

∆Cl = −π
2

48

( c
H

)2
Clu (2.3)

and

∆Cm =
∆Cl

4
(2.4)

2.1.2 Solid Blockage

Solid blockage is caused by the constraints placed on the flow by the volume of the model

itself, resulting in an increase in local velocity. It is corrected for by taking a ratio of a

representative cross-sectional area of the model to that of the tunnel and adjusting the flow

velocity using Bernoulli’s equation and conservation of mass.

Lock derived a correction for solid blockage of symmetrical bodies by considering the model

as a cylinder, represented by a point source-sink doublet of strength µ = 2πa2Uu where a is

the cylinder radius [57]. Using a method of images he derived a formula for the solid blockage

factor, εsb, the ratio of velocity change caused by the effects of solid blockage to uncorrected

free stream velocity in the wind tunnel, of

εsb =
π2

3

( a
H

)2
(2.5)

See Appendix B.2 for a full derivation of this correction.

Glauert extended the scope of the correction by representing aerofoils as equivalent cylin-

ders of diameter t
√
λ2 [58], where t is the aerofoil thickness and λ2 is a solid blockage body

shape factor:
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εsb =
π2λ2t

2

12H2
(2.6)

A plot of λ2 against thickness ratio, t/c is provided by Glauert for Rankine ovals, ellipses

and Joukowski aerofoils [58], allowing the factor to be obtained from model dimensions for

these specific model shapes. Allen and Vincenti give a similar correction of

εsb =
π2

48

( c
H

)2
Λ (2.7)

where

Λ = 4

(
t

c

)2

λ2 (2.8)

and provide look-up tables for Λ for Rankine ovals, ellipses, Joukowski aerofoils and several

NACA aerofoil families [56]. The parameters Λ and λ2 can be calculated but this requires

a complicated integration of an expression that depends on the aerofoil surface shape and

velocity distribution around it.

By modelling the test aerofoil as a series of doublets along its chord rather than a single

doublet, Thom derived a correction in terms of the aerofoil cross-sectional area Aaero that

requires no use of look-ups from plots or tables

εsb =
π

6

(
Aaero
H2

)
(2.9)

but this is only valid for thin aerofoils [59]. Thompson used empirical methods to improve

the correction for use with aerofoils of different thicknesses 1

εsb =
πAaero

6h2

[
1 + 1.2

(
t

c

)]
(2.10)

Also through empirical means, Batchelor accounted for the effects of incidence on the solid

blockage factor [61]

εsb(α) = εsb

[
1 + 1.1

(c
t

)
αu

2
]

(2.11)

Since testing extends beyond α = 90◦, Batchelor’s formula has been modified to better

1Thompson’s work is in an unpublished 1948 Aeronautics Research Council report [60] that could not be
sourced. An AGARD review of blockage corrections contains details of the correction [45].
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correct incidences greater than 90◦ in this study (α = π
2 radians for the purpose of the

formula).

εsb(α) = εsb

[
1 + 1.1

(c
t

)(π
2
−
∣∣∣π
2
− αu

∣∣∣
)2]

(2.12)

The modification ensures that the correction accounts for the inverse relationship between the

incidence angle α and the area the aerofoil projects normal to the flow at 90◦ < α < 180◦.

2.1.3 Wake blockage

Wake blockage is caused by the constraints placed on the flow by the model wake, resulting

in an increase in local velocity, similarly to solid blockage. The model wake is represented as

a point source with strength m = 1
2CduUuc, with the tunnel walls again represented using a

method of images [46]. A wake blockage ratio, εwb, the ratio of velocity change caused by the

effects of wake blockage to uncorrected free stream velocity in the wind tunnel, is established

by calculating the impact of the wake on the velocity far upstream of the model. This and

the velocity at the model are used to establish the ratio

εwb =
1

4
Cdu

c

H
(2.13)

In order to account for the non-zero interference far upstream of the wake caused by its

modelling as a source, a sink and corresponding system of images is introduced far upstream.

These are sufficiently far from the point upstream at which the wake influence is calculated

to be ignored in the analysis. See Appendix B.3 for a full derivation of this correction.

2.1.4 Horizontal buoyancy

Rae et al. [44] recommend the use of an additional correction to drag, ∆DBL, in the form

of a horizontal buoyancy adjustment due to the pressure gradient caused by boundary layer

growth in the wind tunnel, proposed by Glauert [58] or Allen and Vincenti [56]. The latter

reference gives:

∆DBL =
6H2

π
Λ
π2

48

( c
H

)2 dp

dx
(2.14)
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where Λ is the shape factor defined in Eqn. (2.8), and dp/dx is the static pressure gradient

caused by the boundary layer on the tunnel walls. Note that the correction is to drag rather

than its coefficient. Glauert states that this correction is most important for streamlined

bodies so is of limited importance post-stall, while Allen and Vincenti state that in most

tunnels the pressure gradient is sensibly zero, so the correction is unnecessary in most cases.

An analysis was conducted for the experiments run in this study, using Glauert’s formula for

the static pressure gradient [58]:
dp

dx
= −k

1
2ρUu

2

H
(2.15)

where k is a constant between 0.016 and 0.04 which should be established experimentally for

a given tunnel. Here, with k set to 0.04, the correction only approached significance for the

larger aerofoils when flow is attached, but remained in the order of experimental error. The

correction is not included in AGARD [45, 46] or ESDU [10] corrections and has not been used

in this study.

2.1.5 Application of corrections

Since all experiments in the research described in this thesis were conducted at low Mach

numbers (M < 0.09), all compressibility factors have been omitted from correction formulae.

Corrections used in this study are those recommended by both AGARD [45, 46] and ESDU

[10], modified as described above. Correction terms ∆α, ∆Cl and ∆Cm are obtained using

Eqns (2.2) - (2.4). A total solid blockage factor is obtained using Eqns (2.10) and (2.12):

εsb(α) =
πAaero

6h2

[
1 + 1.2

(
t

c

)][
1 + 1.1

(c
t

)(π
2
−
∣∣∣π
2
− αu

∣∣∣
)2]

(2.16)

and combined with wake blockage, Eqn. (2.13), to give a total blockage, εB:

εB = εsb(α) + εwb (2.17)

A drag adjustment ∆Cd is calculated as the product of the solid blockage factor and

uncorrected drag coefficient:

∆Cd = −Cduεsb(α) (2.18)

and a flow velocity adjustment is obtained using the total blockage factor:
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∆U = εBUu (2.19)

Full corrections to force and moment coefficients therefore take the form:

Cforce c =
Cforceu + ∆Cforce

(1 + εB)2
(2.20)

where Cforce is any force or moment coefficient and the subscript c denotes effective free air

values that have been corrected for blockage. Most sources of blockage corrections assume a

small overall blockage εB and so omit terms of εB
2 and higher [45, 44, 10, 46]. These have been

included in formulae here since c/H = 0.3 for the largest aerofoil tested. Terms of (c/H)4

and higher have been ignored.

2.1.6 Maskell’s corrections for bluff bodies and stalled wings

After finding theoretical corrections to be inaccurate for bluff bodies and stalled wings and

aerofoils, Maskell produced an alternative methodology based on a single correction to dy-

namic pressure [47], applicable where flow is fully separated. It should be noted that the

theoretical corrections assessed by Maskell were those of Glauert [58] and Pankhurst and

Holder [62], neither of which feature the empirical thickness and incidence adjustments used

in this study, see Eqns (2.10) and (2.12) respectively, though thickness is accounted for through

shape factors.

Maskell established a relationship that provides an estimate of the effective increase in the

dynamic pressure of the stream in a wind tunnel due to a constraint. The derivation used a

momentum analysis and results in a formula in terms of measured drag coefficient, a “base

pressure parameter” k and the ratio of model area to wind tunnel cross-sectional area (for

two-dimensional experiments, this is equivalent to c/H):

qc
qu

=
ku

2

kc
2 = 1 +

Cdu

kc
2 − 1

c

H
(2.21)

The base pressure parameter is defined as:

ku
2 = 1− Cpb u (2.22)
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where Cpb u is the measured base pressure coefficient, i.e. that pressure coefficient experienced

across the majority of the downwind face of a bluff body, where flow is entirely separated. It

is taken as an average of the pressures across the surface.

Using Eqn. (2.21), either by iteration or by rearranging for a quadratic equation and

solving, a value for kc
2 can be established from measured Cdu and Cpb u. A simplified formula

for the required adjustment to dynamic pressure is given by

∆q

qu
= εqCd u

c

H
(2.23)

where ∆q = qc − qu and

εq =
1

kc
2 − 1

(2.24)

This adjustment is then used to correct forces and moments (note that Maskell does not

explicitly provide moment corrections) according to

Cforce c =
Cforceu

1 + ∆q/qu
(2.25)

Maskell conducted tests on a variety of three-dimensional square plates to confirm his

findings experimentally. Using the studies of Fage and Johansen, who took force and pressure

readings for a two-dimensional flat plate at incidences in the range 0◦ - 90◦ [63, 64] and

Eqn. (2.21), Maskell provides a relationship between εq and incidence (for 20◦ to 90◦) for

two-dimensional experiments, reproduced here in Fig. 2.2. Also included in the figure is an

equivalent εq calculated from drag and base pressure measurements on a c/H = 0.15 NACA

0015 aerofoil taken during this study, detailed in Chapters 4-5. This equivalent εq is discussed

in Section 2.1.10.

2.1.7 Boundary measurement methods

In their derivations, the corrections assessed in this chapter, other than Maskell, use potential

flow theory and the method of images to calculate strengths of the singularities that model the

test aerofoil, its wake and the wind tunnel walls, see Appendix B. Alternative methods make

use of boundary flow measurements to calculate singularity strengths tailored to the specifics

of the test conditions. The method of Hackett et al. [65] provides excellent correction of drag
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Figure 2.2: Variation of Maskell’s blockage factor εq with incidence for two-

dimensional plates and the c/H = 0.15 aerofoil of the current study.

forces for finite flat plates at extreme incidence but the corresponding performance for lift is no

better than purely theoretical methods. Given the marginal gains in correction performance

and significant additions required to experimental apparatus, boundary measurement methods

will not be used in this study.

2.1.8 Turbulence factor

Rae et al. [44] provide a correction for the Reynolds number of experiments, based on the

turbulence intensity of the flow in the wind tunnel used. The higher the turbulence in a wind

tunnel, the higher the effective Reynolds number of the flow, since turbulence in the free-

stream will promote premature transition to turbulence in boundary layers. This can have a

significant impact on free-transition experiments at low Reynolds numbers, where extensive

laminar flow is expected. The effective Reynolds number can be obtained by multiplying

the measured value by a turbulence factor. The relationship between the required turbulence

factor and turbulence intensity is reproduced in Fig. 2.3. Note that neither ESDU or AGARD

provide a turbulence factor correction. The turbulence intensity in the 3× 3 tunnel used for

the experiments of Ch. 5 has been measured at less than 0.1%, giving a maximum turbulence

factor of 1.08. No Reynolds number corrections have been applied in this study.
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Figure 2.3: Variation of turbulence factor with turbulence intensity.

2.1.9 Limitations to correction regimes

Both the ESDU[10]/AGARD[45, 46] and Rae et al.’s [44] corrections are based on the following

assumptions:

• Flow is inviscid, a reasonable assumption for flows in the range of Reynolds numbers

used in this study away from boundary layers. Viscous-inviscid interactions in the flows

over models and at tunnel walls can lead to uncertainties in the corrections but these

are usually insignificant [46].

• Flow is incompressible, acceptable for low Mach number flows.

• Flow is fully attached, appropriate only to the point at which a separation bubble starts

to form, or flow fully detaches. Practically, corrections can be applied to flows with

“some degree of separation . . . with caution” [10]. Though it is inappropriate to use

such corrections for fully separated flows, they are used in most of the post-stall studies

referenced in this thesis in the absence of any better alternatives.

• The wind tunnel test section is sufficiently long for flows far upstream and downstream of

the model to be parallel to tunnel walls. Suitability is obviously apparatus dependent.

The upstream distance between tunnel contraction and model is 1.17H for the 18-

inch tunnel used for experiments described in Ch. 3 and 1.31H for the 3 × 3 wind
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tunnel (see Chapters 4-5). These are possibly insufficient for this assumption to hold at

extreme incidences, where the accuracy of calculated induced angles of incidence could

be impeded.

• The model is a thin aerofoil, a suitable assumption for aerofoils where thickness is less

than 10% of chord. Here, use is made of Thompson’s empirical thickness adjustment to

solid blockage corrections [60], see Eqn. (2.10), extending the applicability of the theory

to the NACA 0012, 0015 and 0018 aerofoils.

• The aerofoil is modelled as a single vortex, source or doublet, so it must be small in

comparison to the tunnel. This is inappropriate for larger c/H ratios at incidences near

90◦. ESDU state that corrections have been used with c/H ratios of up to 0.35 [10]

(the largest in this study is 0.3). AGARD recommend a maximum c/H of 0.25 [45]

for the same corrections. Allen and Vincenti [56] contend that their corrections (on

which Rae et al’s [44] are based) can be used post-stall with c/H up to 0.4, though

they accept there is no experimental evidence to support this and it is doubtful the

contention applies where incidences as high as 90◦.

2.1.10 Analysis of different corrections regimes

Another major limitation of corrections is that significant differences in final, effective free-air

data can result from the experimenter’s choice of corrections. There is little in the way of

a consensus on which to use, particularly where the model under test encounters separated

flow.

In order to judge which corrections work best, experimental data from this study for five

different sized NACA 0015 aerofoils, tested at a Reynolds number of 150 000 in a solid walled

test section (see Ch. 4 for details on the experiments), have been processed with a variety of

correction formulae. The corrections have been chosen because they are commonly used in

the studies referenced in Section 1.7.1.

The aerofoils have c/H ratios of 0.1, 0.15, 0.2, 0.25 and 0.3, so are affected to different

extents by wind tunnel blockage. Fig. 2.4 shows measured coefficients of lift, drag and moment

about the quarter chord plotted against incidence. The results for the smallest aerofoil are

presented with thicker and more solid lines than the others. The plot clearly demonstrates
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Figure 2.4: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA 0015

aerofoils taken in the solid walled tunnel at Re = 150 000, raw data.

the impact of blockage on wind tunnel results. The larger the c/H ratio, the greater the

magnitude of readings post-stall. For lift, drag and moment, the c/H = 0.1 aerofoil has the

lowest peaks, followed by the c/H = 0.15 and so on to the c/H = 0.3 aerofoil which has

the largest peaks. In a theoretically ideal experiment, with no impact of blockage and no

variations in roughness or profile accuracy between the models, results for the five aerofoils

would be identical when tested at a constant Reynolds number.

Figs 2.5 and 2.6 show the same data processed with the corrections of ESDU [10] and Rae

et al. [44] respectively. Figs 2.7 and 2.8 show the data processed with Maskell’s correction

where it is applicable (at incidences in the range 20◦ ≤ α ≤ 160◦). Fig. 2.7 uses Maskell’s εq,

while Fig. 2.8 uses an εq calculated using results from the current study.

All of the corrections significantly reduce the spread between the data of the five aerofoils,

with the ESDU and Maskell (with original εq) corrections performing particularly well. In

order to compare the performances of the corrections methodically, Fig. 2.9 has been prepared.

It shows results of a regression analysis that measures the similarity of corrected coefficients

given by each of the sets of corrections. At each incidence at which readings were taken, a
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aerofoils taken in the solid walled tunnel at Re = 150 000, ESDU corrections.
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Figure 2.6: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA 0015

aerofoils taken in the solid walled tunnel at Re = 150 000, Rae et al. corrections.
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Figure 2.7: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA 0015

aerofoils taken in the solid walled tunnel at Re = 150 000, Maskell’s corrections.

standard deviation of the results for the five aerofoils is calculated. This is then added over

a range of incidences to give a sum of standard deviations
∑

SD. Here the range at which

Maskell’s correction is applicable (20◦ ≤ α ≤ 160◦) has been used to allow a fair comparison

between the corrections. The smaller
∑

SD is, the better the corrections are are collapsing

the data. See Section 4.8.5 for more on the
∑

SD method.

The analysis confirms that of the classical, potential flow theory corrections, ESDU out-

performs Rae et al. The two sets of corrections differ only in their handling of solid blockage,

Rae et al. use Eqn. (2.7) while ESDU use (2.16). The former makes no account of incidence,

while thickness is accounted for through the shape factor Λ rather than Thompson’s empirical

method, Eqn. (2.10).

Maskell’s correction performs better still, but gives over-corrected coefficients that are

significantly lower than those of the other methods. Fig. 2.10 shows corrected results for

the c/H = 0.1 aerofoil from all methods, plotted on the same axes, demonstrating the large

difference between Maskell and the others.

The Maskell correction was developed theoretically, then modified empirically for infinite
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aerofoils taken in the solid walled tunnel at Re = 150 000, Maskell’s corrections with
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Figure 2.10: Cl, Cd and Cm vs α for the c/H = 0.1 NACA 0015 aerofoil using

the blockage corrections of ESDU [10], Rae et al. [44], Maskell [47]and Maskell with

recalculated εq

plates using existing data from the 1920s studies of Fage and Johansen [63, 64]. The studies

provide the pairing of base pressure and drag force readings, necessary to calculate εq, at four

incidences: 30◦, 50◦, 70◦ and 90◦.

For models with uniform base pressure (a constant pressure across the upwind face of the

bluff body, where flow is completely separated), εq can be calculated from a single pressure

measurement on the base. For models with a non-uniform Cpb, it is necessary to measure

pressure distributions over the base of the body and also on the surface of the wake. Maskell

notes that for most practical purposes it is “probably sufficient” to take εq ≈ 1 for two-

dimensional flow, whether the base pressure is uniform or not [47]. Most users of the correction

do just that.
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In this study, εq has been recalculated using results for the c/h = 0.15 aerofoil. Aerofoil

Cpb was found to be near uniform in the incidence range 20◦ ≤ α ≤ 160◦, see Figs 4.19

and 5.2, so no wake surface measurements were deemed necessary. Cpb has been taken as an

average of all suction surface tappings. See Fig. 2.2 for the recalculated εq plotted against

incidence, alongside Maskell’s original. The original’s near-linear relationship is the result of

extrapolating from the four Fage and Johansen data points, note that both the εq plots are

near parallel in the range these points cover (30◦ ≤ α ≤ 90◦). Differences between the plots

result from the different blockages of the models used, Fage and Johansen’s flat plate having

c/H = 0.071.

Using this recalculated εq, Maskell’s correction gives results far closer to the other methods

for the c/H = 0.1 aerofoil. The εq is for the c/H = 0.15 aerofoil rather than the c/H = 0.1

as the smaller aerofoil is not pressure tapped so couldn’t provide the Cbp u data necessary

for the calculation. The larger blockage results in a lower εq, which in turn provides a slight

under-correction of blockage when applied to the c/H = 0.1 aerofoil using Eqn. (2.25).

The corrections provided for the other aerofoils is not good with the recalculated εq, with

the under-corrections getting progressively worse the larger the c/H. Original derivation of

the correction used square, finite flat plates, with area ratios (plate area to wind tunnel cross-

sectional area) of 0.003, 0.0150, 0.0301 and 0.0451. Even the largest of these area ratios is less

than half that of the smallest aerofoil in this study (0.1 for the c/H = 0.1 aerofoil). Other

researchers have found that Maskell’s correction is unsuitable for use with blockages higher

than 10% [66].

ESDU corrections have been chosen for use in this study based on the regression analysis

illustrated in Fig. 2.9, and have been used to correct data taken in solid walled tunnels in the

experiments described later in this thesis. The corrected coefficients they provide have been

used as a bench-mark against which to measure the blockage reduction capabilities of the

tolerant tunnel developed during this study. While Maskell’s correction performs better than

ESDU in the regression analysis, doubt remains as to the accuracy of the correction provided

using Maskell’s original εq, due to the lower blockage models used in deriving the original

correction. Recalculated using data from the current study, corrections for the c/h = 0.1

aerofoil are closer to those of other methods but performance over the range of aerofoil sizes

tested is worse than that of ESDU.

40



Chapter 2. Wind tunnel blockage and methods used to limit its impact

Fig. 2.10 shows how significant the choice of corrections is to the effective free-air data

provided from an experiment. ESDU, Rae at al. and Maskell, with the original εq, are all

in common use, yet there is a spread of 9% between the corrected drag peaks at 90◦, and a

spread of 7% between the lift peaks at 40◦. Comparing to Fig. 1.8, where spreads between

existing studies are shown to be 20% for lift and 18% for drag (or 13% for lift and 18% for

drag, ignoring the unusual study of Pope), it can be posited that blockage, and the steps

taken to limit it, are the most significant sources of inconstencies in the literature.

2.2 Blockage tolerant wind tunnels

With blockage corrections providing such a wide spread of results at extreme incidences, and

their application being unsuited where flow is detached or tunnel blockages are high, numerous

alternatives have been proposed. Most methods make use of specialised apparatuses that limit

blockage through physical means, with a number requiring some form of residual correction

to achieve effective blockage-free data.

2.2.1 Adaptive walls

Adaptive wall tunnels have adjustable boundaries that can be shaped either manually or by a

control system to approximate the free-air streamlines around the model under test at an ap-

propriate distance. Such tunnels should provide near blockage-free data if the approximation

to the streamlines is good enough. The hardware required is costly and complex compared to

a conventional wind tunnel. Productivity is much lower due to the time required to adjust the

tunnel walls and refine them to the correct shape in preliminary experiments [67]. For aerofoil

testing over a range of incidences, walls would require reshaping at each change of incidence,

significantly increasing the amount of time required for (and so costs of) experiments.

2.2.2 Open jet tunnels

Open jet studies of aerofoils, taken in tunnels without a floor or ceiling, are much less common

than those using solid walled tunnels. The tunnel configuration is more commonly used with

larger, more complex models such as full wind turbines. Maintaining mass flow conservation

in such a tunnel is difficult, hindering the quality of non-dimensionalised data obtained from
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the facilities. Some researchers have provided aerofoil data using open jet wind tunnels [3, 68]

but agreement to solid-walled studies is poor. Blockage corrections must still be applied to

open jet data. Negative solid blockage and streamline curvature corrections are prescribed

by ESDU, along with a flow direction adjustment [10]. The overall correction is lower in

magnitude than those required for a comparable solid walled tunnel, with no wake blockage

correction needed.

2.2.3 Large conventional tunnels

Given the limitations of correcting for separated flows, the possibility of conducting experi-

ments in large conventional tunnels has been investigated. Accurate free-air equivalent read-

ings can be obtained without the need for corrections in a suitably large tunnel. A data

set was judged to be sufficiently accurate here if the maximum correction to any coefficient

reading was smaller than 5%. The adjustment to drag at α = 90◦ is typically the largest,

both in magnitude and by percentage, so by limiting this to 5%, all other adjustments can be

judged to be at least similarly limited. In planning the experiments detailed in this paper, a

quartic inequality2 in c/H, given by

0.95ζ2
( c
H

)4
+ 1.9KwbCduζ

( c
H

)3
+ (2.9ζ + 0.95Kwb

2Cdu
2)
( c
H

)2
+ 1.9KwbCdu

( c
H

)
< 0.05

(2.26)

was established, where

ζ =
πkeτ

6
(1 + 1.2τ)

(
1 +

1.1

τ
α2

)
(2.27)

τ = t/c, Kwb is the wake blockage ratio factor, a constant specified as 0.25 by ESDU [10] (the

factor in Eqn. (2.13)), Cdu is the uncorrected drag coefficient and ke is a constant for a given

profile such that Ae = kaeroτc
2. The value of ke has been calculated as 0.68 for the NACA

0012.

The inequality can be solved for c/H for given values of τ and kaero, α = π/2 radians and

a measured or estimated Cdu at this α. For a NACA 0012 aerofoil with Cdu = 2 at α = π/2

the result is c/H < 4.5%. This is prohibitively small, the wind tunnel used in the experiments

detailed in this paper has a 915 mm square cross section, so would require an aerofoil chord of

2See Appendix C for a full derivation.
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less than 41.2 mm to achieve a ratio within the acceptable range. Small aerofoils are harder

to profile accurately and are a limiting factor on the maximum Reynolds number achievable

with a given wind tunnel. As such, in the current study it is impossible to obtain effective

free-air data from conventional closed jet tunnels without the use of blockage corrections.

2.2.4 Porous walls

Porous walled test sections offer an alternative means of minimising blockage effects physically

without the need for very large tunnels or small aerofoils. The simplest designs use passive

techniques where wall porosity is fixed before running an experiment. Since corrections for

closed and open jets are of opposite signs [10], one would expect that free-air conditions

can be approximated using semi-permeable walls. Longitudinally slotted walls have been

used for the purpose [69], but such tunnels often require application of some empirical factor

that is dependent on both wall configuration and test model [70]. An alternative design using

transverse slots, which can accommodate a variety of model sizes and shapes with no empirical

factor required, is described in the following section.

2.3 The Parkinson tolerant tunnel

Parkinson’s tolerant section design [11] has slots perpendicular to the flow in certain sections

of the tunnel walls that allow flow to exit and enter the main channel, with the walls made up

of a regular array of evenly spaced aerofoils. The shape of the array components avoids flow

separation around them. Plenums of stagnant air outside the slotted walls, enclosed from the

external environment, ensure mass conservation in the flow along the tunnel. The design is

versatile, significantly reducing blockage for a wide range of model sizes in a given tunnel with

an appropriate open area ratio [54] (OAR, a measure of open to slatted wall areas, defined

as g/s using the notation in Fig. 2.11 where g is the gap between slat aerofoils and s is the

spacing between them). Appropriate OARs are determined through experiments on models

of different sizes but with like shapes, and may be specific to model shape rather than tunnel.

This makes experiments more costly and time consuming than for the equivalent solid-walled

tunnel experiments, as the tunnel must be configured before main experiments can be run.

The two-dimensionality of the design prevents development of significant transverse flows,
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which can impede the quality of readings taken from a experiment attempting to reproduce

two-dimensional flows.

Parkinson’s design was originally developed with a slatted ceiling and solid floor for the

testing of aerofoils pre-stall (by his student Williams) [12]. The floor was left solid as otherwise

it was thought that the aerofoil under test would draw the shear layer from a bottom plenum

chamber into the main test section upstream of the aerofoil, degrading the flow around it [12].

An OAR of 0.6 was judged best for unstalled aerofoils, see Section 4.8 for the OAR calibration

methodology used. Preliminary work on stalled aerofoils at α = 20◦ used an OAR of 0.7 [13].

A slatted floor and ceiling configuration (as illustrated in Fig. 2.11) with an OAR of 0.59

was later used with aerofoils [71], following potential flow modelling that suggested the quality

of blockage reduction was better than for the original design. Limited experimental results

were presented to support this prediction, with no comparisons made to Williams’ single

slatted wall work.

H

g
s

c

p

L

Figure 2.11: Parkinson’s slatted-walled tolerant tunnel configured with double

slatted walls.

A slatted floor and ceiling design was also utilised for bluff body testing [54] of circu-

lar cylinders, circular cylinders with splitter plates and flat plates normal to the flow, with

promising results for a variety of sizes of all three models taken using OARs in the range

44



Chapter 2. Wind tunnel blockage and methods used to limit its impact

0.5-0.7.

The strong performance of the tunnel design at reducing blockage where flow is separated,

without reliance on blockage corrections, could make it an ideal candidate for stalled aerofoil

studies. An AGARD review of corrections for high angle of attack models highlights Parkin-

son’s tunnel as suitable for the purpose [70]. Imperial College owns a 0.457 m × 0.457 m

double slatted wall Parkinson tunnel. It was decided to run some aerofoil experiments in the

tunnel over a wide range of incidences to assess how well it reduces blockage.
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The blockage tolerant wind tunnel:

preliminary work

Parkinson’s tolerant tunnel design was chosen for further investigation, its potential for block-

age reduction of high incidence aerofoils where flow is separated having been noted by Parkin-

son himself and other researchers. Imperial College’s small-scale test section, built to the de-

sign a number of years ago for the testing of bluff bodies, has been used for proof-of-concept

experiments. These have been conducted to judge whether or not the tunnel design is suitable

for post-stall aerofoil testing and are described in this chapter.

3.1 Experiments in the 18” Flow Control wind tunnel

The Imperial College 18” Flow Control wind tunnel has an open circuit design and a square

cross section with side length of 0.457 m. Turbulence intensity in the working section has

recently been measured at 0.15%, while the flow uniformity is within 0.5% of the centreline

flow across the central half of the tunnel’s cross section. The small-scale Parkinson test section

has been built for use with the 18” tunnel, with an identical 0.457 m × 0.457 m cross-section.

It has a slatted floor and ceiling configuration, see Fig. 2.11, with a L/H ratio of 2.14, a

plenum depth to tunnel height ratio, p/H, of 0.39 and NACA 0015 slat aerofoils with 80 mm

chords. It can be modified to a solely slatted ceiling configuration or to a conventional closed

section by replacing the slatted floor, or both floor and ceiling, with solid panels.
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3.1.1 Aerofoils

The NACA 0012 profile was chosen for testing as there is more existing data at extreme

incidence angles for it than for any other section, in spite of the sharp leading edge stall

it experiences at the Reynolds number used in this preliminary work (Re = 1.5 × 105). A

number of existing NACA 0012 models were available for use with the tolerant test section.

Leading edge stall can be unpredictable, potentially occurring at different angles of attack on

different runs of the same experiment, but no such repeatability issues were encountered in

this study. The larger of the two aerofoils used has a chord of 147 mm, giving a c/H ratio

of 0.32 and has a hollow resin construction. The smaller has a 124 mm chord (c/H = 0.27)

and is made of wood. Both aerofoils have a span of 435 mm and are fitted with small end

plates, primarily intended to inhibit leakage from the tunnel at the aerofoil mounting points.

See Fig. 3.1 for a diagram of the aerofoil mounting.

3.1.2 Model mounting and data acquisition

The aerofoils were mounted at the half chord to a hub assembly that allowed for rapid adjust-

ment of the angle of incidence. The hub in turn connected to a pair of struts mounted on a

cross-beam, itself bolted to a Nutem Model 528 three-component force balance, see Fig. 3.2 for

a diagram of the experimental set-up. Using the original force balance struts and cross-beam,

the balance is rated to an accuracy of ±0.15 N for lift and ±0.05 N for drag. New extended

struts and beam were manufactured to provide sufficient clearance around the bottom plenum

chamber. These allow larger vibrations to develop in unsteady flow than did with the original

shorter struts and beam.

Care has been taken with data acquisition to limit the effects of these vibrations. Readings

were taken at 100 Hz (a much higher rate than the highest frequencies of the main vibrations

induced) for 10 s after a period of settling. This was sufficient to capture approximately

four periods of the lowest frequency of fluctuating force induced in any reading (occurring at

α = 90◦ for drag). The data was digitised using a National Instruments NI USB-6229 data

acquisition board.

Aerofoil incidence was adjusted manually at the hub assembly. Tunnel velocity was also

adjusted manually before each reading, measured across the contraction of the tunnel using
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hole in window
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105mm

Figure 3.1: Aerofoil mounting in the wind tunnel, front-on (top) and side-on (bot-

tom) views.

a Furness Controls FCO510 micromanometer.

The force balance was calibrated before experiments using weights applied in the directions

of expected lift and drag forces. Due to significant drift in the load cells, unloaded readings

for the balance were taken before and after each run of the tunnel. Unloaded values for

each incidence were calculated by time apportioning the difference between the start and end

unloaded readings. This drift is the largest source of potential error in readings taken from the

apparatus. Total potential error in the system is estimated at a maximum of approximately

3%, based on the typical load cell drift and the maximum differences between repeated runs

for the same aerofoil and tunnel configuration. Other than in the immediate post-stall region

between stall and α = 15◦, where stall cells can cause inconsistencies in force measurements
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 dotted lines
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Figure 3.2: Experimental set-up in and around the wind tunnel.

and differences between runs were as high as 8%, differences between repeated runs of the

same experiment were within this maximum.

3.1.3 Results

Measurements of lift and drag were taken for the c/H = 0.27 and c/H = 0.32 aerofoils for

0◦ < α < 180◦, the test section configured with a slatted ceiling with OARs of 0.43, 0.51, 0.59,

0.67 and 0.84 (tunnel configurations denoted SS-0.43, SS-0.51, SS-0.59, SS-0.67 and SS-0.84

respectively); with a slatted floor and ceiling with OARs of 0.43, 0.51, 0.59, and 0.67 (denoted

DS-0.43, DS-0.51, DS-0.59, and DS-0.67) and with conventional solid walls (where blockage

corrections are applied to data).

Selection of data for inclusion in this report

Results are presented for the solid-walled tunnel (raw data and with corrections applied) and

for the SS-0.59, DS-0.43 and DS-0.59 configurations. Solid-walled data is included to allow

direct comparisons to existing studies. The SS-0.59 and DS-0.43 configurations were chosen

for inclusion as the best of the SS and DS configurations, based on experimental results (see

Section 3.3 for methodology used in this judgement) and through use of a numerical simulation
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of the tolerant tunnel, see Section 3.2.

Since the simulation is based on a potential flow method, it is unsuitable for judging

performance in the post-stall range of incidences. As mentioned, Parkinson’s bluff body

tunnel with slated floor and ceiling was found to work best with OARs of 0.5 to 0.7. An

OAR of 0.563 was judged to be the best overall for flat plates with c/H of up to 0.33 in

[54]. A similar tunnel should be capable of handling similar sized aerofoils at extreme angles

of incidence, so results from the DS-0.59 arrangement are also presented here as this is the

nearest OAR achievable with the current apparatus.

Comparisons to existing data

The apparatus has been validated by comparing results from the solid-walled test section

configuration to existing data taken in similar conventional tunnels. Fig. 3.3 shows results

for the c/H = 0.32 aerofoil taken in the solid walled tunnel, corrected for blockage using the

methods of Section 2.1. Also included are the data of Sheldahl and Klimas [20] (as before,

taken at Re = 3.6×105) and Althaus’s study taken at Re = 1.5×105 [8]. As well as the same

Reynolds number, it also shares similar c/H and aspect ratios (see Table 1.1) to the larger

aerofoil of the current study.

Lift of the Re = 1.5 × 105 studies is in close agreement pre-stall, with a gradient steeper

than 2π up to α ≈ 2◦, then a shallower gradient between there and stall, occurring at α = 11◦,

with a ClMAX
of approximately 0.9. The value of ClMAX

is consistent with the trends established

with Reynolds number in McCroskey’s review of wind tunnel results for the NACA 0012 [72].

The steep gradient at α < 2◦ is caused by a laminar separation bubble on the suction surface of

the aerofoil which moves towards the leading edge with increasing incidence. This is a feature

of the NACA 0012’s performance at low Reynolds numbers (none of the steeper gradient is

exhibited by Sheldahl and Klimas’s data taken at Re = 7.0×105 [20]). See Sections 1.5.5 and

Ch. 5 for more on laminar separation bubbles.

The agreement in the region 10◦ < α < 15◦ is reasonable; the leading edge stall behaviour

of the NACA 0012 makes small differences here unsurprising. The agreement between Sheldahl

and Klimas and the others is surprising given the much larger Reynolds number used [20] and

is likely due to the compensatory effect of the difference in blockage, with a c/H of 0.07

compared to 0.32-0.33 for the current study and that of Althaus [8].
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Figure 3.3: Cl and Cd vs α alongside the studies of Althaus [8] and Sheldahl and

Klimas [20].

Figs 3.4a and 3.4b show plots of lift and drag, respectively, covering 0◦ to 180◦ of incidence.

Included are results for the c/H = 0.32 aerofoil, alongside Sheldahl and Klimas [20] (as in

Fig. 3.3) and Critzos et al’s Re = 1.8 × 106 study [34]. The second lift peak of the current

study at α ≈ 45◦ is similar in magnitude to that of Critzos et al. but higher than that of

Sheldahl and Klimas. The two earlier studies share a common c/H of 0.07 so the differences

between them are surprising. Reynolds number effects could be responsible, Critzos et al.

completed experiments at Re = 5 × 105 as well as 1.8 × 106 in the same tunnel [34] (the

Langley LTPT, see Table 1.1), finding a slight positive correlation between Reynolds number

and post-stall lift and drag peak magnitude, but Sheldahl and Klimas completed experiments

at three Reynolds numbers (5× 105 and 7× 105 alongside the 3.6× 105 reproduced here) and

found post-stall performance to be independent of it [20]. Section 5.4 contains an analysis of

Reynolds number effects on results from this study and the literature.

Results for drag are similar to lift: pre-stall all studies are in reasonable agreement while

post-stall, results for the c/H = 0.32 aerofoil are similar to those of Critzos et al. but higher

than Sheldahl and Klimas’s.
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Figure 3.4: Results alongside the NACA 0012 post-stall studies of Sheldahl and

Klimas [20] and Critzos et al. [34], and output of the AERODAS model [73].

Solid walled tunnel

Fig. 3.5a shows results from the solid walled tunnel for the c/H = 0.27 and c/H = 0.32

aerofoils, both raw uncorrected and corrected, labelled “u” and “c” respectively. There is a

divergence in the characteristics of the two aerofoils at incidences below 15.5◦, particularly

in the region 3.5◦ < α < 15.5◦. Fig. 3.5b shows details from the lower incidence end of the
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plots up to α = 30◦. The smaller aerofoil has a rougher surface finish, the differences in the

performance at low incidence are consistent with those between smooth and rough aerofoils

[74]. The unusual behaviour of the c/H = 0.27 aerofoil persisted in all tunnel configurations;

pre-stall results for it are therefore not analysed further. Post-stall data for the two aerofoils

is comparable since surface roughness has little impact on separated flow.

Blockage corrections collapse the data from the two aerofoils well in the post-stall region.

The raw drag peak is 18% larger for the larger aerofoil, this difference reduces to 4% for the

corrected peaks. As the studies presented in Fig. 1.8 and Table 1.1 suggest, post-stall lift and

drag peaks are higher for the higher blockage experiment even after corrections have been

applied.

Tolerant tunnel

Fig. 3.6 contains results from the SS-0.59 configured tolerant tunnel, alongside the corrected

results from the solid-walled tunnel for the c/H = 0.32 aerofoil to allow comparison with

earlier figures. The plots are similar to the corrected solid-walled tunnel; the spread of data

for the two aerofoils is far less than for the raw solid-walled data, with higher post-stall peaks

(4% higher at the drag peak) for the larger aerofoil. Pre-stall results for the large aerofoil

are very similar to the corrected data, the gradient of the curve being slightly lower, with

stall occurring earlier (at 10.3◦opposed to 10.8◦) and at a lower peak (0.85 versus 0.89). Both

aerofoils exhibit lower post-stall lift peaks than the corrected solid-walled data. There is

strong agreement between the two tunnel configurations for drag of the c/H = 0.32 aerofoil,

with identical drag coefficient peaks of 2.04 at α = 90◦.

Figs 3.7 and 3.8 show results for the DS-0.43 and DS-0.59 double slotted wall configu-

rations. There is striking data collapse for the DS-0.43 tunnel, with results nearly identical

for the two aerofoils for post-stall lift and for drag, other than for 60◦ < α < 110◦ where

the larger aerofoil exhibits a 5% higher drag peak. Hameury [54] found that a 33% blockage

normal flat plate diverted flow to such an extent that it caused some of the slat aerofoils of

his tunnel to stall, suggesting this is beyond the limit of tolerance of the tunnel. At these

extreme incidences, the largest aerofoil could be similarly affecting the slats of the tunnel used

in these experiments. Though agreement between the aerofoils is excellent, post-stall peaks

are significantly lower than for the data from conventional tunnels, the c/H = 0.32 lift peak
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Figure 3.5: Cl and Cd vs α for c/H = 0.27 and c/H = 0.32 aerofoils taken in the

solid walled test section: raw uncorrected data (u) and corrected data (c).

is 21% higher for the corrected solid-walled data while drag peak is 23% higher. Pre-stall

results for the larger aerofoil are close to those from the corrected solid-walled tunnel and the

SS-0.59 configuration, with a ClMAX
of 0.85 at 10.5◦

The collapse of data for the DS-0.59 tunnel is less impressive, with a greater spread between
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Figure 3.6: Cl and Cd vs α for c/H = 0.27 and c/H = 0.32 aerofoils taken in the

SS-0.59 tolerant tunnel.

post-stall lift and drag, and a lower stall point (ClMAX
= 0.82 at α = 10.20◦) than for the

other configurations.

3.2 Numerical modelling

A potential flow model has been used to represent the tolerant tunnel numerically, based

on the source/vortex panel method of Smith and Hess [75]. The decision to develop a new

code was taken as no suitable software could be found capable of modelling the slatted tunnel

walls. The code models the aerofoil under test using distributed source and vortices across the

panels representing it, with a Kutta condition applied to the trailing edge panels of the upper

and lower surfaces. It can also model the slat aerofoils using the same technique, applying

any number of Kutta conditions in a given simulation. Results presented here use a simpler

version of the code, with the tunnel walls and slat aerofoils modelled as flat panels using point

vortices.

Fig. 3.9 shows the code output for the 18” Flow Control tunnel test section, with solid

walls and with the SS-0.59 and DS-0.43 slatted wall configurations, in the form of a plot of
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Figure 3.7: Cl and Cd vs α for c/H = 0.27 and c/H = 0.32 aerofoils taken in the

DS-0.43 tolerant tunnel.
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Figure 3.8: Cl and Cd vs α for c/H = 0.27 and c/H = 0.32 aerofoils taken in the

DS-0.59 tolerant tunnel.
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normalised lift curve slope against c/H. The normalised lift curve slope is the gradient of

the attached flow Cl vs. α curve from a given tunnel type, divided by the same gradient for

unconstrained flow:
a0
a0FA

=
Cl/α

ClFA/αFA

(3.1)

Unconstrained flow variables are given the subscript “FA” for “free air”.

Simulations corresponding to SS-0.59 and DS-0.43 configurations give values of a0/a0FA

near to unity for c/H < 0.4 for the slatted ceiling and slatted floor and ceiling arrangements

of the tunnel respectively. This implies that they replicate the free stream behaviour well

for pairings of aerofoil and tunnel sizes of the order used in the experiments detailed in this

thesis.

3.3 Parkinson tunnel blockage reduction

Hameury selected a DS-0.563 tunnel configuration by testing three pressure tapped flat plates

with c/H of 0.083, 0.194 and 0.333 normal to the flow [54]. Various parameters, including base

pressure coefficients, drag coefficients, Strouhal number and required blockage corrections,
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were plotted against OAR and the tunnel providing the most consistent results for the range

of model sizes was judged to be the best. In free air, results would be identical regardless

of model size, so the tunnel providing this consistency can be taken as providing the nearest

approximation of free-air conditions. Standard deviation of pressure distributions from a

reference were assessed to see which tunnel provided the minimum deviation. Section 4.8

gives a more detailed look at Hameury’s work.

Here, the focus is on force measurements of lift and drag and tunnels must be judged on

their performance over the full range of post-stall incidences, not just at α = 90◦. Since only

two aerofoils have been tested, there is no need for a standard deviation analysis, differences

between the two are a sufficient measure of data spread. As such, Table 3.1 has been compiled,

containing sums of the absolute differences between readings of lift and drag for the two

aerofoils at each data point in the range 20◦ < α < 160◦. The DS-0.43 configuration is shown

to give the most consistent results for the two aerofoils over the range of incidences.

Tunnel configuration Sum of differences, 20◦ < α < 160◦

Cl Cd Total

Solid walled 3.77 6.13 9.89
SS-0.59 0.37 0.80 1.17
DS-0.43 0.19 0.37 0.56
DS-0.59 0.43 0.52 0.95

Table 3.1: Absolute differences between c/H = 0.27 and c/H = 0.32 data for

selected tunnel configurations.

For attached flows, an experimental equivalent of the a0/a0FA output of the tunnel panel

code has been calculated with a0 obtained from a linear regression analysis of results in

the range of incidences −2◦ ≤ α ≤ 6◦ and a0FA approximated using thin aerofoil theory.

Results for solid-walled, SS-0.59 and DS-0.43 tunnels are shown in Fig. 3.9. Due to surface

roughness inducing shallow pre-stall gradients for the c/H = 0.27 aerofoil, its results are lower

than theory for all tunnel configurations. The results for the c/H = 0.32 aerofoil are nearly

identical for the solid walled and DS-0.43 tunnels, but the SS-0.59 does not correct the lift

curve gradient as much as predicted.

The short L/H ratio of the test section used for these experiments (2.14, compared to 2.67
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for Parkinson’s original) is a possible cause of this less-than-expected reduction of blockage.

When building tunnels to Parkinson’s design, others have found an insufficiently long slatted

section to cause similar problems [76], see Section 4.8.4 for more on tolerant tunnel L/H

ratios.

Parkinson’s tolerant tunnel design has been applied to aerofoils in the deep stall region of

incidences for the first time. The results from the proof-of-concept tolerant tunnel experiments

suggest its use is valid for the testing of post-stall aerofoils, the SS-0.59 configuration providing

results very close to those achieved using current best practice, without reliance on correction

methodologies that are not strictly applicable in the post-stall region. Current best practice

is well established for unstalled aerofoils where flow is attached and corrections can be used

with confidence. The tolerant tunnel provides results comparable to the corrected conventional

tunnel data in this region of incidences, with no need for corrections.

The experiments support the findings of Parkinson and others that OARs of 0.5 to 0.7 are

best for proving free-air like conditions. The findings, and the limitations encountered during

the work with the 18” test section (namely its low L/H ratio and small cross-section) have

been considered in the design of a new test section for further experimentation, described in

the following chapter.
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The blockage tolerant wind tunnel:

design, build and commissioning

Following the successful modelling and experimental campaign presented in Ch. 3, the suit-

ability of Parkinson’s design for post-stall aerofoil testing was confirmed. Tunnel dimension

limits for effective blockage reduction (for example, a minimum L/H ratio) were established,

using the results of the experiments and reviews of other studies conducted in Parkinson tun-

nels. The tunnel used for the proof-of-concept work is too small for the requirements of this

study, due to limitations on aerofoil size at extreme incidences (and so profile accuracy and

flow Reynolds number). As such, a larger test section was developed to Parkinson’s design,

for use with the Imperial College 3’ × 3’ wind tunnel. This chapter documents the design

and build of the tunnel and the calibration of the tunnel OAR, through testing of five NACA

0015 aerofoils with different c/H ratios.

4.1 The Imperial College 3’ × 3’ wind tunnel

Experiments were conducted in Imperial College’s 3’ × 3’ low speed, low turbulence wind

tunnel. It has a closed return design, and a maximum flow speed of 45 m/s. The 7.5:1

contraction ratio ahead of the test section, and honeycomb screens help to give a reasonably

low turbulence intensity of less than 0.1% when empty, making it suitable for low Reynolds

number aerofoil testing [52]. The tunnel has three existing test sections, only two of which
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are fitted in the tunnel loop at any one time, so that one can be prepared for experiments

while the other two are in use. The test sections are mounted on steel trolleys with castor

wheels.

4.1.1 3’ × 3’ tolerant test section construction

A new Parkinson-style test section was fabricated for the tunnel, which has a 915 mm ×
915 mm test section with a length of 2390 mm. The Parkinson section has a plenum depth

of 350 mm and a length of 2178 mm. Slats have a NACA 0015 profile and a chord of 90 mm.

These dimensions are similar to those of Parkinson’s original tunnel, which had an identical

tunnel height, 92 mm chord NACA 0015 slats and a plenum of length 2440 mm and depth of

300 mm.

The test section can be configured with a single slatted wall, double slatted walls or as

a conventional closed jet section. Slats are mounted between steel runners and can be slid

along the test section and added or removed at will, enabling its OAR to be adjusted. They

are bolted to the tunnel walls through mounting holes once in their desired locations. The

slatted walls can be replaced with solid walls to replicate a conventional test section.

Fig. 4.1 shows a cutaway view of the facility. The aerofoil under test is mounted vertically

between endplates which sit flush with the tunnel walls. Force transducers are mounted

at both ends of the aerofoil to measure aerodynamic forces and moments, with the upper

transducer mounted to a bearing unit that allows free rotation. The lower transducer is

attached to a stepper motor to control incidence.

The body of the main tunnel and plenum chambers is constructed from MDF panels with

a timber framework for strength. MDF parts were laser cut to order, including mounting

holes for slat aerofoils at a variety of OARs. Doors in the ceiling and floor of the tunnel give

access to the rig and the mounting points for slat aerofoils or solid wall panels. See Fig. 4.2

for a photograph of the test section under construction in the middle of the tunnel loop.

4.1.2 Test section support

A trolley was manufactured from steel box section to support the new tolerant test section.

The trolley has the same dimensions as the original test section trolleys and like them is fitted
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Figure 4.1: Streamwise cutaway view of the Imperial College Parkinson tunnel.

with castors, allowing easy movement of the assembly’s considerable mass, and adjustable

feet to support it when in use.

A steel plate is welded to the bottom of the trolley, providing a mounting point for a

Minitec assembly that holds the bottom hub of the test aerofoil and a stepper motor to

control aerofoil incidence. The top of the test aerofoil is supported by a smaller Minitec frame

that is bolted to the test section’s timber framework. Section 4.2.5 describes the test aerofoil

mounting in more detail.

4.1.3 Slat aerofoils

For the experiment requiring the most slat aerofoils (the tunnel configured with two slatted

walls, OAR = 50%), 24 are needed, amounting to a total length of almost 22 m of aerofoil.

A method of manufacturing such a large amount of aerofoils in a cost-effective manner was
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Figure 4.2: The Imperial College Parkinson test section under construction.

developed. See Fig. 4.3 for photographs of the slat aerofoils under construction. The NACA

0015 shape of the profile was cast in resin, using a four-part cast machined from SikaBlock

and sealed with varnish. Beeswax was used as a release agent and applied to the cast before

each use.

The aerofoils are cast around a core of one 8 mm steel rod for strength and two M4

threaded rods for the attachment of small steel end plates, allowing the slats to be slid along

the steel runners with ease, see Fig. 4.3 for a profile shot of the slats showing the construction.

The total length of the aerofoil and end plate assembly is 0.915 m, spanning the full height

of the test section.
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(a) The cast in use.

(b) Aerofoils curing.

(c) Profile view of slat.

Figure 4.3: Slat aerofoil production process.

4.2 Test aerofoils

The NACA 0015 and 0018 profiles were chosen as they are frequently used in experimental

and numerical VAWT research, see Table 6.1 for a summary of experimental VAWT research

referenced in this thesis. There are also some existing post-stall studies for the profiles against

which to validate results (see Ch. 5 for validation and Table 1.1 for a summary of the aerofoil

experiments referenced in this thesis).

4.2.1 NACA 0015

Five NACA 0015 aerofoils of different sizes were tested in order to assess wind tunnel blockage

reduction techniques. All five aerofoils have a span of 915 mm and chords such that their c/H

ratios are 0.1, 0.15, 0.2, 0.25 and 0.3. They are referred to by their c/H ratios throughout

this thesis. The 0.15 and 0.25 aerofoils are tapped for surface pressure measurements at the
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Figure 4.4: Symmetrical NACA 0018 and similar cambered profile sharing a quarter

chord.

midspan, with limited numbers of tappings at each quarter-span for detection of any flow

three-dimensionality.

4.2.2 NACA 0018 and similar profiles with camber

The NACA 0018, and two 18%-thick NACA 4-digit profiles with camber, were manufactured

to study Migliore’s virtual camber theory [24]. The results of this study are presented in

Section 6.5. This research was, in part, jointly conducted with the University of Florence.

For the collaboration, the aerofoil shapes and flow conditions were strictly defined ahead of

work commencing. Imperial College were responsible for wind tunnel testing of the profiles,

and Florence for modelling using CFD and BEM codes.

Testing was required to be conducted at Reynolds numbers of up to 300 000 for attached

flow and 250 000 for separated flow. In order to conduct these tests within the limits imposed

by the 3’ × 3’ tunnel’s 45 m/s maximum velocity and the force transducer saturation limits

(nominally 130N for lift and drag, but in reality lower than this once mounted in the apparatus

and subject to moments and forces from the rig itself) the aerofoils needed chords longer than

0.18 m. Chords were set at 0.183 m, giving a c/H ratio of 0.2.

The cambered profiles are modified from the symmetrical NACA 0018 such that their

camber line follows an arc of the circumference of a circle. The ratio of the aerofoil chord

length to circle radius, c/R, is set to 0.114 for the first cambered profile and 0.25 for the other.

Fig. 4.4 shows a symmetrical NACA 0018 profile and the cambered profile with c/R = 0.25.

Should Migliore’s theory be correct, the profiles should perform in the wind tunnel as the
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symmetrical NACA 0018 profile would in turbines with similar c/R ratios. The c/R were

chosen for comparability to those used in Migliore’s original paper of 0.114 and 0.26 [24]. The

larger c/R ratio was modified slightly based on the turbines in Table 6.1 to help in modelling

their performance (The average c/R of the Vittecoq and Laneville [77], Durham [2, 3], Bravo

et al. [78] and Maeda et al. [79, 80] turbines is 0.25). The aerofoil with c/R of 0.114 has

a maximum camber of 1.42% at 50% of chord, while the c/R of 0.25 has 3.11% maximum

camber at 50% of chord.

4.2.3 Aerofoil construction

The aerofoils were manufactured using Nylon selective laser sintering (SLS) 3D printing tech-

nology. Each consists of 4 separate printed parts with a 228.75 mm span (the print chamber

of the printer limits the size of parts), with a core of two 915 mm long steel rods. Printed

Nylon parts can shrink and deform as they cool - steps were taken to minimise the risk of this

happening by limiting wall thickness in the parts to 3 mm, ensuring heat dissipates quickly.

Ribbing and span-wise struts were printed into the parts to give them sufficient stiffness. The

Nylon sections were assembled around the steel cores using epoxy resin, with a final smooth

surface and accurate profile achieved using filler, sand paper and paints. While sanding and

filling the aerofoils, profile accuracy was checked against female profile templates, produced

using a laser cutter with a rated accuracy of better than 100 µm which compares favourably

to the typical accuracy of Nylon SLS printers, around 0.35 mm for parts of the size used

here. Fig. 4.5 shows the aerofoils at two steps of the construction process. On the left, they

have been assembled and glued together with epoxy. Daylight shining through them reveals

the printed structure and steel rods within. On the right, the aerofoils have been filled and

painted, showing the surface finish quality that can be achieved with these manufacturing

techniques.

Two aerofoils, the c/H = 0.15 and c/H = 0.25 NACA 0015s, were tapped for pressure

readings. Small copper taps were fitted flush to the aerofoil surface, with thin plastic piping

attached to them, passing through the aerofoil and exiting at the top end of it when mounted

in the wind tunnel.

The larger aerofoil had 50 taps in total, 30 at the midspan and 10 at each of the quarter

spans for assessing the two-dimensionality of the flow. The smaller aerofoil had 37 taps in
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Figure 4.5: The two cambered aerofoils during construction.

total, 25 at the midspan and 6 at each quarter span. Unfortunately, a number of taps were lost

during the manufacturing of the aerofoils, either due to the plastic piping becoming removed

from the copper taps, or becoming kinked inside the aerofoils as they were assembled. In the

c/H = 0.25 aerofoil, two taps were lost at the midspan and five across the two quarter spans.

For the c/H = 0.15 aerofoil seven were lost at the midspan and one at one of the quarter

spans. A large number of tappings in a small aerofoil meant the midspan of the c/H = 0.15

aerofoil was particularly cramped, leading to the significant loss of tappings there.

All aerofoils were machined square at the ends as accurately as possible as a final step of

the manufacturing process to ensure good alignment with force measurement equipment.

4.2.4 Profile accuracy and surface roughness

Finished model profile accuracies have been measured using a Faro Edge ScanArm 3D coor-

dinate measuring machine. The device has an articulated arm fitted with a high definition

Laser line scanner. The aerofoils have uniform profiles across their spans, so measurements

were taken across a randomly selected 10 cm span-wise strip (avoiding the joins between aero-

foil segments at the half and quarter spans) for each of the aerofoils presented in Ch. 5 (the
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Figure 4.6: Results of profile accuracy measurements of the NACA 0015.

c/H = 0.1 NACA 0015 and the c/H = 0.2 NACA 0018 and cambered aerofoils).

The maximum deviation from the intended profile shape, measured normal to aerofoil

surface, is 0.13 mm for the NACA 0015, or 0.14% of chord and 0.95% of maximum thickness.

Fig. 4.6 contains the results of the scan for the NACA 0015, alongside the profile per the

NACA 4-digit formula. Note that the plot is a two-dimensional representation of the scan.

Data for the whole 10 cm span-wise strip is included, there being over 45 000 laser scan points

on the figure. Maximum deviations for the other aerofoils are given in Table 4.1.

Maximum deviations (normal to surface)

Aerofoil mm % c % t

NACA 0015 0.13 0.14 0.95

NACA 0018 0.33 0.18 1.00

NACA 0018 c/R = 0.114 0.27 0.15 0.82

NACA 0018 c/R = 0.25 0.35 0.19 1.06

Table 4.1: Maximum deviation of aerofoil surfaces from intended profile shape.

Surface roughness of the models was estimated by reference to a set of Rubert & Co.

reference specimens at 0.4 µm Ra, sufficiently smooth for the roughness to have negligible

impact on aerofoil performance.

These measurements are comparable to those taken by Selig and his team at the Uni-

versity of Illinois, responsible for the largest available body of low Reynolds number aerofoil

research [81]. They routinely provide data on model accuracy, measured using a contact probe
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coordinate measuring machine at model mid-spans. All their models have 305 mm chords.

Most have maximum deviations of 0.25 to 0.76 mm, or 0.08% to 0.25% of chord (the profiles

have various thicknesses). No surface roughness measurements are provided.

4.2.5 Test aerofoil mounting

The aerofoils were mounted vertically in the wind tunnel between two end plates that sit

flush with the tunnel floor and ceiling, see Fig. 4.7. They are mounted such that incidence

can be adjusted about the half chord, to avoid uneven blocking of the tunnel at extreme

incidences. It was decided not to isolate the aerofoils from the wind tunnel boundary layer due

to their insignificant displacement thickness at the model mounting point. Results presented in

Figs 4.14 to 4.18 show little impact of aerofoil aspect ratio on readings around stall, suggesting

any end wall effects caused by the boundary layers are minimal.

Figure 4.7: The c/H = 0.2 aerofoil mounted in the wind tunnel with double slatted

walls, OAR = 0.55.
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When forces are being measured, each end plate is attached to an adapter plate which in

turn attaches to an ATI Industrial Automation Gamma IP65 6-component force and torque

transducer. The upper transducer is mounted to the the framework of the tunnel via an axle

assembly in a bearing unit, see Fig. 4.8, while the bottom is mounted to a stepper motor that

controls aerofoil incidence, again via a bearing, see Fig. 4.9.

Figure 4.8: The top assembly of the apparatus, showing end plate, adapter, force

transducer, bearing mount and attachments to the timber framework of the test

section.

The top and bottom hub assemblies have a number of adjustable components which allow

the system to be balanced to limit the forces and moments applied to the force transducers

under no-flow conditions. A real-time readout of the sensors was written in National Instru-

ments’ LabVIEW package to help with the balancing process. Fine tuning was achieved by

inserting very small washers between the end plates and adapter plates where necessary.

For pressure measurements, the upper force transducer and adapter plate is removed from

the apparatus to allow for the pressure tapping tubes to pass out of the c/H = 0.15 or

c/H = 0.25 aerofoils. The upper end plate fits directly to the axle assembly instead. The

lower force transducer is replaced with a blanking unit of the same dimensions (since no force
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Figure 4.9: The bottom assembly of the apparatus, with tunnel floor removed,

showing end plate, adapter, force transducer, bearing mount and the cooling unit of

the stepper motor.

readings are taken from the lower transducer during pressure runs, it would be in danger of

unnoticed overloading). The tapping tubes are connected to a 64-channel Chell Microdaq

pressure transducer.

4.3 Data acquisition and experiment control

Flow and aerofoil incidence are controlled by the PC via the outputs on a National Instruments

NI USB-6229 data acquisition board. The incidence is altered using the stepper motor, with

a tracking of its rotation stored at each data acquisition point. In addition incidence is also

measured by an optical encoder attached to the motor shaft. The tracked incidence and

encoder output are checked after each movement to ensure the motor has not slipped at any

point. The output of the force transducers is digitized using a pair of NI PCI-6220 data

acquisition boards, with simultaneous acquisition from both. If any of of the components of

the load cell are saturated during the first 10 samples taken, raw data is saved for further

analysis. An average of the readings is saved for all data points. The Chell microdaq pressure

transducer connects to the PC via an Ethernet cable, with data acquisition handled in 32-bit
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Matlab using a Transmission Control Protocol/Internet Protocol object.

The process is fully automated for a given set of incidences, the PC control system run-

ning from a MathWorks Matlab script. It rotates the aerofoil to the prescribed incidences

in turn and at each it checks the tunnel dynamic pressure, adjusting if necessary using a

proportional-integral-derivative (PID) controller, then records this along with temperature,

absolute pressure, incidence according to both motor and encoder and forces and torques from

the transducers or pressures from the Microdaq transducer.

4.4 Tunnel speed measurement and calibration

Dynamic pressure difference across the tunnel contraction is measured using a Furness Con-

trols FCO510 micromanometer, feeding into a PC via a serial port. The PC provides an

output voltage to the tunnel’s motor controller. Speed is controlled via a two-stage calibra-

tion. First, the desired velocity at the model is converted to an appropriate “contraction

velocity” based on contraction dynamic pressure difference, using a calibration between the

contraction static pressure tappings and a pitot-static tube mounted at the tunnel midspan

in place of a model. This converted velocity is input to a PID controller to get the tunnel

to the correct speed. The PID uses a second calibration between “contraction velocity” and

tunnel motor controller input voltage.

Additionally, during surface pressure measurements, a pitot-static tube is mounted in the

tunnel between the contraction and the aerofoil under test. This is connected to the pressure

transducer used to measure the pressure tappings. Differences between speed measurements

taken using the contraction tappings and micromanometer and those from the pitot-static

and pressure transducer were monitored during experiments, with no significant differences

noted.

4.4.1 Tunnel contraction to centreline pitot-static

This calibration was completed at least once per session of experiments, as little variation was

noted in it within sessions (see Section 4.7) and it is time consuming to complete, requiring

removal of test aerofoils. A pitot-static tube is mounted in the test aerofoil’s place. The tunnel

motor control voltage is set to a predetermined range of values in turn. At each, the tunnel
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velocity is allowed to settle before the dynamic pressures are taken from the centreline pitot-

static and the contraction, using two identical Furness Controls micromanometers (having

been earlier calibrated to each other using two neighbouring centreline pitot-statics). The

pitot-static readings are converted into velocities, while the contraction readings are converted

into a pseudo-velocity, referred to here as the “contraction velocity”. In order to obtain a true

velocity from the contraction, the contraction ratio plus any residual correction factor would

need to be applied to raw measurements. Instead, a calibration formula is calculated directly

between the centreline and “contraction” velocities.

Variations between this calibration were as high as 3% between sessions, due to seasonal

weather variations and soiling of the tunnel interior, see Section 4.7.

4.4.2 “Contraction velocity” to tunnel controller voltage input

This second calibration was completed with a test aerofoil in place. Again, the tunnel motor

control voltage is set to a predetermined range of values in turn and after a period of set-

tling, the “contraction velocity” is measured. The calibration was completed at 10◦ intervals

between 0◦ and 90◦ as the changes in blockage with incidence affect the relationship between

control voltage and tunnel velocity. The calibration must be completed for each experiment

type (i.e. parings of aerofoils and tunnel configuration), though where blockage is low, the

same calibration could be used for a range of experiments. For example, for the c/H = 0.1

aerofoil, one calibration was used for all tolerant tunnel configurations.

The PID is fed the desired real velocity and the incidence at which the reading is being

taken by the main experiment control Matlab script, along with both speed calibrations. The

real velocity is converted to a “contraction velocity” using the tunnel contraction to centreline

pitot-static calibration. The PID controller code then selects the correct “contraction velocity”

to tunnel controller voltage input calibration to use by reference to the incidence. Incidence

is rounded down to its nearest multiple of 10. The calibration for the incidence given is used

in the PID, with tunnel voltage adjusted until the desired “contraction velocity” is achieved.

“Contraction velocity” to tunnel controller voltage input calibrations did not need to be

particularly accurate, and did not require repeating. As long as the tunnel contraction to

centreline pitot-static calibration is accurate, the PID controller is able to set the tunnel

speed to within any experimental error (see Section 4.7) of the desired velocity.
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4.5 Experimental methods

4.5.1 Angles of attack

The angles of attack tested are given in Table 4.2. Beyond 25◦, the incidences tested were

the same across all sessions, but the coverage of attached flow incidences was improved over

the course of the study. June 2014 - Dec 2015 sessions covered the force transducer OAR

calibration of the tunnel (presented later in this chapter). Feb 2015(a) covered the pressure

readings (presented here and in Ch. 5) and the force transducer experiments in the solid-walled

tunnel of Ch. 5. Finally, Feb 2015(b) incidences were used for the force transducer tolerant

tunnel experiments of Ch. 5. Asymmetrical aerofoils were tested at Feb 2015(b) incidences,

positive and negative.

Session Incidences tested (degrees)

June 2014 -2, 0, 2, 4, 6, 8, 9, 10, 11, 12, 13, 14, 15, 17.5, 20

Sept 2014,
Dec 2015,
Feb 2015(a)

-2, 0, 2, 4, 6, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
21, 22, 23, 24

Feb 2015(b) -4, -3, -2, -1, 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
21, 22, 23, 24

All sessions every 5◦ from 25 to 160, then: 162.5, 165, 166, 167, 168, 169, 170, 171, 172, 174,
176, 178, 180, 182, 184

Table 4.2: Incidence ranges tested in different sessions of experimentation.

For symmetrical aerofoils, zero incidence is set roughly by the operator by lining up mark-

ers on the aerofoil end plates and tunnel walls. The data acquisition software then finds an

accurate zero by running the tunnel and rotating the aerofoil through a narrow sweep of inci-

dences, taking normal force data every 0.5◦. The incidence at which zero normal force occurs

is found using linear interpolation. This incidence finding run is conducted at a Reynolds

number of 150 000 to ensure a linear lift vs. incidence curve near to α = 0◦ for the lin-

ear interpolation. The tunnel is switched off, the aerofoil rotated to that incidence, with all

records of incidence in computer memory overwritten with zero and the counter on the optical
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incidence encoder reset.

For asymmetrical aerofoils, automated zeroing is not possible as zero lift and zero incidence

are not coincident. Instead, the chord line of the aerofoil was marked on the aerofoil endplates

and lined up with the centreline of the tunnel manually.

4.5.2 Settling times, sampling times and frequencies

Analyses of data acquired continuously from immediately after an adjustment to aerofoil inci-

dence, at the maximum possible sampling frequencies, were used to decide on suitable settling

times, sampling times and sampling frequencies. Frequencies higher than the highest frequen-

cies of the main vibrations induced in the rig were selected. Sampling times were selected to

ensure numerous periods of the lowest frequencies of data fluctuations were captured, with

settling times set to ensure any ramping to final measurement values were excluded from

samples.

For the force and moment transducers, a sampling rate of 1000 Hz was used throughout,

while for the pressure transducer 100 Hz was used. Both are far higher than any of the

main frequencies in either data stream and were chosen instead with regards to the maximum

sampling rate of the pressure transducer and limits imposed on data size by the PC and

software used to control the experiment. For the sampling times used for each aerofoil size

and Reynolds number, see Table 4.3. Since flows are slower for larger aerofoils the times tend

to be longer, as the vibrations induced in the rig tended to have longer periods in lower speed

flows. Times are also longer at incidences near to normal to flow, since readings are more

unsteady here, with larger vibrations of longer periods induced in these conditions. When

forces were being measured, the rig required some flexibility to prevent saturation of the

transducers. When surface pressures were being taken, the force transducers were removed

and the rig could be held stiffer, resulting in much lower levels of vibration and so shorter

sample times.

Settling times were 5 s for force and 10 s for surface pressure experiments, plus the time

required to run the tunnel velocity PID controller (variable, but a minimum of 5 s). Settling

times were reasonably short as the maximum difference between neighbouring incidences in

any test was 5◦, meaning little movement in readings between them.

75



Chapter 4. The blockage tolerant wind tunnel: design, build and
commissioning

Force measurements Pressure measurements

Aerofoil c/H Re 45◦ ≤ |α| ≤ 135◦ Other α All α

0.1 60 000 120 s 60 s
150 000 60 s 30 s
250 000 60 s 30 s

0.15 60 000 120 s 60 s 40 s
150 000 90 s 30 s 20 s
250 000 60 s 30 s 20 s

0.2 60 000 120 s 60 s
150 000 120 s 30 s
250 000 60 s 30 s

0.25 60 000 120 s 120 s 60 s
150 000 120 s 60 s 30 s
250 000 90 s 60 s 30 s

0.3 60 000 120 s 120 s
150 000 120 s 60 s
250 000 120 s 60 s

Table 4.3: Sampling times for force and pressure experiments.

4.5.3 Data processing

Since the transducers rotate with the aerofoil, forces normal and tangential to the aerofoil

chord are measured, as is moment about the half chord. These are post-processed into lift,

drag and moment about the quarter chord.

Drag is further processed by subtracting the tare drag force associated with the end plates,

obtained by measuring the forces on them when the tunnel is run without an aerofoil present.

Measurements were made at flow velocities of approximately 3, 9, 15, 21 and 42 m/s (roughly

correlating to flow speeds used for the Reynolds number and aerofoil size pairings used in

this study). With an aerofoil in place, tare drag for a reading was calculated by interpolating

from these results, using the measured flow velocity for the reading.

For lightly loaded aerofoils, the tare force is likely to be overestimated at high incidences,

where the separated flow of the aerofoil reduces the velocity over a large portion of the end

plates, reducing the friction drag on them. When aerofoils are loaded highly enough to induce
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bending in them, the upstream edges of the endplates encroach into the flow slightly, so the

tare drag is likely to be underestimated. Tare drag is an insignificant proportion of total drag

post-stall, with these under- or overestimates representing an even smaller proportion of the

total, so no adjustment has been made for them.

Non-dimensional forces are calculated by dividing by the measured dynamic pressure

from the micromanometer mounted across the contraction and the aerofoil planform area.

Surface pressures are measured by comparison to the ambient static pressure. They are non-

dimensionalised using dynamic pressure measured from a tunnel-mounted pitot-static.

4.5.4 Force and pressure transducer zeroing

An offset was taken at the start and end of each experiment using the force transducers. The

start offset is taken after a period of settling following the setting of zero incidence. The loads

placed on the sensors by the rig itself change with incidence and are not insignificant even

with the system balanced as finely as it could be. As such, each offset consists of a separate

zero reading at 10◦ intervals across the range of incidences tested in the experiment.

The differences between the start and end offsets are not insignificant at low Reynolds

numbers (see Section 4.7). These are time-apportioned across the experiment to give a time-

specific local offset for each reading taken. An incidence-specific sensor zero is then interpo-

lated from the local offset using the incidence at which the reading was taken.

For the asymmetrical aerofoils, balancing the system for accurate readings over a full 360◦

incidence sweep proved impossible at low Reynolds numbers due primarily to offset creep.

The longer time the experiments took and the greater range of zero-flow loads on the sensors

both had a negative impact on the performance of the offsetting methods. Incidences were

instead tested over shorter runs and blended in post-processing, see Ch 5.

For pressure readings, the Chell microdaq was zeroed at the beginning of each experiment.

Some preliminary testing zeroed it before each reading but no significant improvement in

accuracy was noted and experiments took considerably longer, requiring the flow of the tunnel

to be shut off for each zeroing.
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Figure 4.10: Flow velocity variation from mean stream-wise velocity across the test

section, for the solid walled tunnel.

4.6 Cross-flow uniformity of the new 3’ × 3’ test section

Cross-sectional flow uniformity has been measured for the tunnel with solid walls in place

(Fig. 4.10) and with double-slatted walls with an OAR of 0.71 (Fig. 4.11). Measurements were

conducted using a pitot-static tube mounted at various points across the tunnel test section,

at a range of flow velocities, presented here non-dimensionalised as Re/L. No significant

variations in flow patterns with increasing velocity were noted at Re/L > 1.4× 106. For the

smallest aerofoil used in the study, with c/H = 0.1, Reynolds numbers are approximately

equal to (Re/L)/10. The plots in Figs 4.10 and 4.11 show the percentage variation from the

mean flow velocity. Note that the plots extend to ±0.305 m in the x and y directions because

this was the limit of measurements (the tunnel itself extends to ±0.458 m, having a 0.915 m

× 0.915 m cross-section).
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Figure 4.11: Flow velocity variation from mean stream-wise velocity across the test

section, for the tolerant tunnel, DS-71 configuration.

In both tunnels, flow uniformity is near-independent of the velocity, other than at the

lowest speed, where the uniformity drops off. Ideally, velocities should be within 0.25% of the

mean flow in the “working range” of the jet [44], here the region around the line x = 0, as this

is where the aerofoil is mounted. Both tunnel configurations compare poorly to this limit, but

the new tolerant test section is not significantly worse that the original, solid-walled tunnel.

Note that measurements for both configurations will have been affected by the rig used

to hold a pitot-static tube to take the flow uniformity readings. The rig consisted of three

10 mm diameter steel rods stretching the full width of the tunnel, two mounted vertically

at approximately x = 0 and x = −0.1 m on the uniformity plots and the third mounted

horizontally at the height at which readings were being taken.
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4.7 Errors, accuracy and repeatability

The accuracy of readings taken with the apparatus is limited by a number of factors. The

impact of these on results have been measured, with an overall error estimate calculated and

presented in Fig. 4.12, along with a measured maximum error. The analysis is presented

for drag and moment for the c/H = 0.1 NACA 0015. Estimated lift error is near identical

to drag, with slightly lower measured errors. The measured error is the maximum variation

of raw experimental data from averages (results for each of the Reynolds numbers at which

this aerofoil was tested are the averages of at least four separate runs of the experiment).

Angles around the stall at approximately 10◦ and 170◦ and where the trailing edge is pointing

upstream (at incidences near 180◦) have been omitted from the measured error calculation,

as variations between runs are not necessarily the result of experimental error here.

Force transducers have been factory-calibrated within the last two years where they were

rated with a 95% confidence level to within 1% for force measurements and 1.5% for torque

measurements. Recent checks performed on them found no significant deterioration in this

performance. They have a resolution of 0.0125 N for forces and 7.5× 10−4 Nm for moments,

the resolution plots in Fig. 4.12 are non-dimensionalisations of these figures based on typical

dynamic pressures for the Reynolds numbers tested and the planform area of the c/H = 0.1

aerofoil.

Offsets are taken for the transducers at the start and end of each run of the experiment,

with differences between the two time-apportioned across the experiment to give local offsets

for each reading. The maximum offset difference is the maximum creep between the two offsets

taken for each Reynolds number, non-dimensionalised in the same way as the resolutions.

A Reynolds number independent error results from the tunnel flow velocity measurement

used to non-dimensionalise the forces measured by the transducers. The velocity is calculated

from the pressure drop across the tunnel contraction ahead of the test section, using the two-

stage calibration described in Section 4.4. Measurements are subject to errors resulting from

variations in atmospheric conditions and the boundary layer of the tunnel. A new calibration

between a tunnel centreline pitot-static tube, mounted at the model mounting point, and the

contraction was conducted before each bloc of experiments (each lasting around three weeks,

with four blocs conducted between June 2014 and February 2015). There are variations of over
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Figure 4.12: Estimated and actual maximum errors for Cd (top) and Cm (bottom)

vs Re.

3% between these calibrations, resulting from seasonal weather variations and soiling to the

tunnel interior surfaces (from flow visualisation seeding aerosols used by other tunnel users).

For the last bloc of experiments a calibration was conducted at the beginning and end of the

bloc, with maximum differences of approximately 1% noted between the two. Given the lack

of significant variation in weather or tunnel surface cleanliness, this is taken as a fair estimate

of the velocity measurement error. The resulting maximum experimental error to drag and

moment coefficient is around 0.03 and 0.003 respectively, once the velocity measurement is

squared for the non-dimensionalisation.
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Total experimental error is estimated using the formula:

1

2
(offset error) + resolution error + velocity error = total error (4.1)

with the offset error being halved as a conservative estimate of the maximum impact on

any one reading, given the time-apportionment of the offset difference across an experiment.

Estimated errors show a strong correlation to the maximum variation from averages, see

Fig. 4.12, suggesting the main sources of error in the experiment have been accounted for.

There are other experimental errors resulting from, for example, vibrations in the system but

these are smaller than those analysed here and have been ignored in the estimation.

Maximum absolute errors are presented in Fig. 4.12, which usually occur at maximum lift,

drag or moment. The percentage errors here are taken as a fair approximation of maximum

percentage errors for all readings, see Table 4.4, other than those where measurements are

low, i.e. for drag or moment where flow is attached.

Reynolds number
c/H = 0.1 c/H = 0.2 Error (%)

20 000 40 000 4.40
40 000 80 000 3.40
60 000 125 000 2.60
80 000 150 000 2.15

100 000 200 000 2.05
125 000 250 000 1.85
150 000 300 000 1.80
200 000 1.75
250 000 1.70

Table 4.4: Estimated maximum percentage error for force and moment readings.

To demonstrate the strong repeatability of experiments, Fig. 4.13 shows the average results

from the tolerant tunnel for the c/H = 0.1 NACA aerofoil at Re = 150 000, as presented later

in Figs 5.3 - 5.6. Plotted alongside are the raw results of the five separate experimental runs

used in the calculation of the averages.

Tolerant tunnel results for the c/H = 0.1 NACA 0015, used to prepare Fig. 4.12, benefit

from the improvements to methodologies described later in Section 5.2.1. The accuracies
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Figure 4.13: Cl, Cd and Cm vs α for the NACA 0015 from the tolerant tunnel at

Re = 150 000, raw runs and averages.

of the tolerant tunnel OAR calibration experiments (Section 4.8) and solid-walled tunnel

experiments on the c/H = 0.1 NACA 0015 (Section 5.3) will be lower due to insufficient

settling times, though this is only significant at lower Reynolds numbers, as described in

Section 5.2.1.

For the c/H = 0.2 aerofoils presented in Ch. 5, velocity measurement errors will be

identical to those in Fig. 4.12. The transducer errors, being absolute, will shift to the right

on the plots as the larger aerofoils require a flow velocity half that of a c/H = 0.1 aerofoil

for the same Reynolds number. The planform area is twice that of the c/H = 0.1 aerofoil,

so measured forces are around half that of the smaller aerofoil, since F = CF
1
2ρU

2A. The

transducer accuracies for Re = 40 000 for c/H = 0.2 aerofoils are therefore roughly equal to

those for Re = 20 000 for c/H = 0.1 aerofoils, those for Re = 80 000 roughly equal to those

for Re = 40 000 and so on, see Table 4.4. Accuracies for aerofoils of other sizes used in the

tunnel OAR calibration are similarly affected.
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For pressure readings, the only measurable error is that due to the velocity measurement.

The Chell microdaq is factory rated to an accuracy of 0.05% of full scale. Comparisons were

made between the microdaq and the Furness Controls micromanometer (itself factory rated to

0.025% of full scale) used for measurement of the pressure differential across the contraction,

using two neighbouring pitot-statics near to the tunnel centreline, with one attached to each.

Differences between the measured velocities were low, less than 0.8% (and less that 0.46%

for velocities greater than 4 m/s). Though this gives increased confidence in the output of

both devices, without a suitable reference flow to compare them against, no further comment

can be made on the accuracy of either. Note that errors due to the micromanometer are

incorporated in the velocity measurement error.

4.8 Tolerant tunnel OAR calibrations

The tunnel OAR has been calibrated using force and surface pressure measurements at

Reynolds numbers of 60 000, 150 000 and 250 000. Calibrations were completed initially for

forces at Re = 150 000, for the double slatted wall tunnel at OARs of 0.5, 0.55, 0.59, 0.63,

0.67, 0.71 and 0.75 (denoted DS-50, DS-55 etc.) and for the single slatted wall tunnel at 0.71,

0.79, 0.83, 0.88 (SS-71, SS-79 etc.). The single slatted wall tunnel was abandoned as being

unsuitable for post-stall aerofoil testing early on. Promising configurations of the double-

slatted tunnel, namely the DS-67, DS-71 and DS-75 were selected, with force calibrations at

Re = 60 000 and 250 000, and surface pressure calibrations at all three Reynolds numbers,

focussing on these three configurations.

The methods used to calibrate the tolerant tunnel by Parkinson and his students Hameury

[54] and Williams [12] are described and critiqued in Section 4.8.1. The methods of the

current study are then presented in turn. In Section 4.8.2, comparisons of plots of lift, drag

and moment coefficients against incidence for the five NACA 0015 aerofoils are made. All

aerofoils are shown on the same axes, with a plot produced for each tunnel configuration,

at each Reynolds number tested. Surface pressures against normalised chord are presented

for the tapped aerofoils, again on the same axes for each tunnel configuration and Reynolds

number, in Section 4.8.3.

Some use is made of Hameury’s methods: those used for his flat plates can sensibly
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be applied to stalled aerofoils, though they are only suitable for analysis of results for a

single angle of incidence at a time. Plots of Cd against OAR for the aerofoils at 90◦, and

suction surface Cp against OAR, are compared to Hameury’s plots for his flat plate models

in Section 4.8.4.

New methods designed to judge the performance of the tunnel at multiple incidences,

based on consistency of results across the range of aerofoil sizes, are presented in Section 4.8.5

for force measurements and Section 4.8.6 for surface pressure measurements.

4.8.1 Parkinson’s calibration techniques

The original single-slatted wall configuration of Parkinson’s tunnel was designed for testing

aerofoils with attached flows. Parkinson’s student Williams calibrated the tunnel OAR by

comparing the lift curve slopes for aerofoils with different c/H ratios at each OAR tested [12].

The OAR giving the most consistent lift curve slopes across the model sizes was judged to

be the most effective at reducing blockage. Note that in free air, lift curve slope would be

independent of model size should all other conditions remain the same. Testing used NACA

0015 aerofoils with c/H of 0.17, 0.34, 0.51 and 0.67, and Clarke-Y aerofoils with c/H of 0.25,

0.39, 0.53 and 0.66.

As mentioned in Section 3.3, Hameury calibrated the double-slatted wall configuration by

testing different sized flat plates, plus circular cylinders and circular cylinders with splitter

plates [54]. The flat plates had c/H ratios of 0.083, 0.194 and 0.333, while both cylinder types

had d/H ratios of 0.083, 0.138, 0.25 and 0.333. As with the single-slatted wall tunnel, the

best OAR was selected based on that which gave the most consistent results for the different

sized models.

Drag coefficients, Strouhal numbers and representative pressure readings of like models

were compared at each OAR. For the flat plates, the suction surface Cp was compared, while

for the cylinders Cp at a selection of angular positions were used. Full pressure distributions

for the models were also compared at each OAR.

Two other variables, a “blockage correction factor” and a standard deviation associated

with the calculation of this factor, were also compared. These are calculated using the linear

regression method of Flay et al. [82], used for comparing model car pressure distributions

obtained in different slotted-walled wind tunnel configurations with an equivalent reference
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pressure distribution obtained in a low-blockage, solid-walled facility. The blockage correction

factor is that by which results from the tunnel are divided to give agreement to a reference-test

pressure distribution. The standard deviation is a measure of residual errors in the corrected

pressure distribution.

In this study, testing covers incidences where flow is attached, and where flow is separated.

In both regimes, a range of incidences are tested. It was found that neither Williams’s nor

Hameury’s methods were ideal for calibration, since they focus on only attached or separated

flow respectively. The c/H range used here, 0.1 - 0.3, is shorter than that of Williams’s (0.17

- 0.67). Trends in lift curve slope are less consistent and harder to draw conclusions from over

this shorter range, as is evidenced in results for Williams’s smaller aerofoils [12]. For these

reasons, results using it are not presented here.

The regression analysis of Flay et al. was not used as there are no suitable low-blockage ref-

erence datasets available to use in calculations. Flay et al. worked with three-dimensional car

models, for which very low tunnel blockage is more easily achieved than for two-dimensional

aerofoils, due to the smaller blockage ratios that can be practically obtained. The calculations

of Section 2.2.3 and Appendix C show that a c/H < 4.5% is required to limit blockage correc-

tions to 5% of the readings taken. This would need a prohibitively small aerofoil and is still

far from a suitable reference dataset. Instead, a new measure based on standard deviation

from a mean, rather than a reference, has been developed to assess how consistent results for

a range of model sizes are using a given tunnel configuration for testing, see Section 4.8.5 .

4.8.2 Force measurements for the five NACA 0015 aerofoils with various

tolerant tunnel OARs and solid tunnel walls

Force measurements have been conducted using a wide range of tunnel configurations, initially

at a Reynolds number of 150 000. SS-71, SS-79, SS-83 and SS-88 configurations were used.

Though OARs are higher than the 0.6-0.7 identified by Williams as optimal for testing of

aerofoils at moderate incidences [12], it was thought that these would be necessary to accom-

modate the larger blockage of stalled aerofoils. DS-50, DS-55, DS-59, DS-63, DS-67, DS-71

and DS-75 were selected based on promising configurations from Hameury’s original devel-

opment work on the tunnel [54] (see Figs 4.21 and 4.22 for his results) and the preliminary

experiments described in Ch. 3.
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Figure 4.14: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA

0015 aerofoils taken in the tolerant tunnel, DS-67 configuration at Re = 150 000.

Following this, analysis of the results identified three tolerant tunnel configurations, the

DS-67, DS-71 and DS-75, as particularly strong performers in terms of their abilities to

give consistent data for the five different sized aerofoils. Force measurements were extended

to Reynolds numbers of 60 000 and 250 000, but using only the promising tolerant tunnels

and the solid-walled tunnel. Results are presented here for the DS-67, DS-71 and DS-75

tunnels (see Figs 4.14 - 4.16) and the solid-walled tunnel, both as raw data (Fig. 4.17) and

after the application of blockage corrections (Fig. 4.18). The other configurations tested at

Re = 150 000 and results taken at other Reynolds numbers are presented in Appendix D,

see Figs D.1 - D.19. Results for the c/H = 0.1 aerofoil represents the nearest thing to a low

blockage benchmark. As such, plots for it are thicker and of different line styles than those

of the other aerofoils. c/H ratios larger than 0.1 are plotted with the same line styles and

thickness.

For Re = 150 000, 12 tunnel configurations were tested with each of the five aerofoils,

giving 60 experiments at this Reynolds number. For Re = 60 000 or 250 000, 4 tunnel types

were used giving 20 experiments at each. This gives a grand total of 80 experiments for the

force transducer OAR calibrations. For initial assessment of the OARs, at least one run was
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0015 aerofoils taken in the tolerant tunnel, DS-71 configuration at Re = 150 000.
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Figure 4.16: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA

0015 aerofoils taken in the tolerant tunnel, DS-75 configuration at Re = 150 000.
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Figure 4.17: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA

0015 aerofoils taken in the solid walled tunnel at Re = 150 000.
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0015 aerofoils taken in the solid walled tunnel at Re = 150 000, ESDU corrections.
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conducted for each of the experiments, with force, tunnel flow and atmospheric data recorded

at incidences between −2◦ and 184◦ at the intervals in Table 4.2 for June, September and

December sessions. Once the promising tunnel configurations were selected, further runs were

conducted to ensure all experiments in the DS-67, DS-71, DS-75 and solid tunnels had been

run at least twice, unless otherwise specified below. The values shown in the plots presented

here are averages of all the runs for that particular experiment.

The following experiments had only one run conducted: the c/H = 0.15 and 0.3 aerofoils

at Re = 60 000, the c/H = 0.15 aerofoil at Re = 150 000 and the c/H = 0.15, 0.2 and 0.3

aerofoils at Re = 250 000, all in the DS-67 tunnel. This was due to time constraints on wind

tunnel time. By the final few sessions of experiments, Figs 4.29 - 4.31 had been compiled,

showing that the choice between the DS-67, DS-71 and DS-75 tunnels was somewhat arbitrary.

It was therefore decided to focus efforts on the experiments detailed in Ch. 5 rather than to

repeat these runs. In any case, results from the tunnel demonstrate strong repeatability, see

Section 4.7 for an analysis of this for the c/H = 0.1 aerofoil at Re = 150 000 in the DS-71

tunnel.

For the c/H = 0.1 aerofoil at Re = 250 000 in the DS-67 tunnel, saturation of the force

transducers occurred at incidences of 50◦, 55◦, 135◦ and 140◦ on all experiment runs, in spite

of adjustments being made to the rig between runs to attempt to avoid this. Runs for the

c/H = 0.1 aerofoil at Re = 250 000 required the fastest flows in the tunnel and induced large

forces on the transducers. Time constraints prevented further refinement of the rig to obtain

reliable data at these incidences. Instead, results for those angles for the c/H = 0.1 aerofoil

have been omitted from the DS-67 plot in Fig. D.12.

4.8.3 Surface pressures for the two tapped NACA 0015 aerofoils with var-

ious tolerant tunnel OARs and solid tunnel walls

Surface pressure measurements at all three Reynolds numbers were conducted in the DS-

67, DS-71 and DS-75 tolerant tunnel configurations, as well as the solid walled tunnel. The

c/H = 0.15 and c/H = 0.25 aerofoils are equipped with surface pressure taps, mostly located

at the mid-span, with some at each quarter span to check for two-dimensionality of results.

Other than in the immediate vicinity of stall (approximately 2◦ of incidence immediately

after the stall angle), very little difference was noted between tappings on the three span-wise

90



Chapter 4. The blockage tolerant wind tunnel: design, build and
commissioning

locations at equal chord-wise locations. Therefore, no quarter-span results are presented here.

The larger aerofoil has more tappings as it was not practically possible to fit as many

in the c/H = 0.15, and some tappings failed to survive the manufacture process, see Sec-

tion 4.2.3. As a stand-alone experiment, the smaller aerofoil contains insufficient tappings

for good reproduction of surface pressure distributions. However, the tappings are sufficient

for the purposes of this study, where comparisons are made between the results for the two

aerofoils to judge tunnel performance.

Unless otherwise specified below, two runs were taken for each of the experiments con-

ducted: the two aerofoils, three Reynolds numbers and four tunnel configurations giving a

total of 24 experiments. In each run, surface pressures and tunnel flow and atmospheric

information was collected at the incidences from Table 4.2, for the February (a) session ex-

periments. Each pair of runs was then processed to give the final data set by averaging results

for each pressure tapping across the two runs.

There were two exceptions to this. Three runs were taken for the Re = 60 000 experiment

in the DS-71 tunnel for the c/H = 0.25 aerofoil. Differences beyond those expected due

to experimental error (see Section 4.7), around 5-6% at post-stall lift and drag peaks, were

found between the first two runs. A third run was conducted using longer sampling times

(see Table 4.3 for normal sampling times used). The surface pressures of this third run lay

between the results of the first two runs. The final data set was based on an average of all

three runs.

Two runs were conducted for the c/H = 0.15 aerofoil in the DS-71 configuration at

Re = 60 000, 150 000 and 250 000, but the first runs at all three Reynolds numbers were taken

with a flawed zero incidence finder code (see Section 4.5.1) that set the zero at a slightly

positive angle of 0.35◦. This error was not spotted until post-processing of data after the

dismantling of the rig. The single runs taken with correctly set incidences were used for the

final data sets.

Results are presented in Figs 4.19 and 4.20 for the DS-67, DS-71, DS-75 and solid-walled

tunnels for Re = 150 000 experiments. Equivalent results for the DS-67 and DS-75, and for

all configurations at Re = 60 000 and 250 000 are included in Appendix D, see Figs D.21 -

D.30. The figures show pressure coefficient plotted against normalised chord-wise location, at

α = 0◦, 10◦ (8◦ for Re = 60 000), 45◦ and 90◦.
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Figure 4.19: Cp plotted against normalised chord-wise position for the c/H = 0.15

and c/H = 0.25 NACA 0015 aerofoils at Re = 150 000 in the DS-71 tolerant tunnel.

All of the tolerant tunnels perform similarly well, with excellent agreement of pressure

distributions for the two aerofoils. For attached flow (α = 0◦ and 10◦, or 8◦ for Re = 60 000),

the results are also similar for the solid-walled tunnel, with small differences notable for α = 8◦

or 10◦. Post-stall (at α = 45◦ and 90◦) the differences between the tolerant configurations

and the solid-walled tunnel are much larger.

These differences are primarily on the suction surface of the aerofoil. The pressure surface,

at normalised chord-wise positions of 0.2 - 0.8, is almost entirely insensitive to blockage.

Regardless of aerofoil size or tunnel type, pressure surface pressure coefficients are near-equal.

The suction surface results display a proportionality with OAR, see Section 4.8.4 for an

analysis of the relationship at α = 90◦ in the tolerant and solid-walled tunnels.
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Figure 4.20: Cp plotted against normalised chord-wise position for the c/H = 0.15

and c/H = 0.25 NACA 0015 aerofoils at Re = 150 000 in the solid walled tunnel.

Section 4.8.6 assesses the relationship between OAR and a new measure developed for

pressure distribution similarity between the c/H = 0.15 and 0.25 aerofoils. Fig. 4.32 shows

c/H = 0.15 pressure distributions for the DS-67, DS-71 and DS-75 tunnels on the same axes,

highlighting how insensitive to OAR variations results are in this range of OARs.

Note that the ESDU corrections used in this study provide no means of correcting surface

pressures affected by blockage [10]. Maskell’s method (Section 2.1.6) does allow for this [47],

but the collapse of the two aerofoils’ pressure distributions is not as good as that provided by
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the tolerant tunnel and is not analysed further here.

4.8.4 Hameury’s methods: Cd and Cp measurements at α = 90◦

Fig. 4.21 shows Cd at 90◦ against OAR for the various double-slatted wall tunnel configurations

tested at Re = 150 000. It contains corrected results for the solid-walled tunnel plotted at

OAR = 0.3. The corrected results are shown with unfilled shapes at data points. Also included

are Hameury’s results for flat plates [54] taken at Re = 100 000. It can be seen that the DS-67,

DS-71 and DS-75 configurations are the best for Re = 150 000. For the DS-71 tunnel, results

are particularly promising for aerofoils with c/H of 0.1 to 0.25, differences between them being

within the range attributable to experimental error (1.8% at Re = 150 000, see Section 4.7).

Notably, the DS-71 is better than the corrected solid tunnel.

Similar analyses were conducted at Re = 60 000 and Re = 250 000 for the limited range

of configurations tested at these Reynolds numbers (the solid-walled, DS-67, DS-71 and DS-

75 tunnels). The DS-71 and DS-75 both perform well for c/H < 0.3, better than the solid

corrected tunnel, at Re = 250 000. For Re = 60 000 the best tunnel is less obvious. The Cd

values for the five aerofoils are similarly spread for all the tolerant tunnel configurations and

the corrected solid tunnel, suggesting they all reduce the impact of blockage on drag equally

effectively.

Fig. 4.22 replicates Hameury’s work on flat plates by using the results for the tapped

aerofoils at 90◦. The “Suction surface Cp” is based on an average of the Cp of the tappings

from approximately 20% of chord to 80% of chord on that surface. Refer to Figs 4.19 and

4.20 and Figs D.21 - D.30 for the pressure distributions at 90◦ from which these plots were

calculated. Hameury’s results [54] for the suction surface pressures of his flat plates are also

included, taken at Re = 100 000.

For Re = 150 000 the DS-75 tunnel gives the most consistent results for the two tapped

aerofoils. The DS-75 was also best for Re = 60 000 while for Re = 250 000 the DS-71 was

better. For all Reynolds numbers, the average suction surface Cp is in the range −1.2 to −1.5,

similar to Hameury’s flat plates with c/H < 0.33. In all tunnel configurations, differences

between the suction surface Cp remain larger than the experimental error associated with the

pressure measurements (approximately 1%).

The best OARs for Cd and Cp consistency are higher than the 0.63 selected by Hameury.
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Figure 4.21: Variation of Cd at 90◦ as a function of OAR for five NACA 0015 aero-

foils, Re = 150 000, double slatted wall tunnel configurations (corrected solid-walled

results are also shown, with unfilled markers, at OAR = 0.3), alongside Hameury’s

results for normal flat plates [54].

Differences between Hameury’s results and those of the current study are likely due to the

differences between the experiments. Flat plates have larger wakes than aerofoils at 90◦, and

Hameury’s tunnel has an L/H of 2.67, while Imperial’s is 2.38.

Through use of side wall (i.e. the walls without plenum chambers) pressure readings and

by varying model position along the tunnel, Hameury found that test section length can be a

limiting factor on tunnel performance for large c/H [54]. This is due to pressure recovery not

being fully achieved at the end of the test section. It is likely that tunnel length also impacts

on normal operation of the tunnel with smaller models, as other researchers have found.

A Parkinson-style tunnel was developed for boundary layer experiments at the UK’s Build-

ing Research Establishment, with slatted side walls and ceiling. During development of the

tunnel, it was found that their L/H of 1.02 was insufficiently small. Numerical modelling
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Figure 4.22: Variation of suction surface Cp at α = 90◦ as a function of OAR for

the two pressure tapped NACA 0015 aerofoils, Re = 150 000, double slatted wall

tunnel configurations, alongside Hameury’s results for normal flat plates [54].

suggested a value of around 3 was optimal [76].

A Parkinson single slatted wall tunnel test section was built for a 2.4 m × 2 m tunnel

at the University of Sydney. During the calibration of the tunnel for a 25% blockage half

cylinder mounted to the wall opposite the plenum chamber, the L/H ratio was varied. A

value of 2.50 was found to be optimal for blockage reduction, but values longer than this as

well as shorter were found to sub-optimal [83]. The longer plenums resulted in flow entering

the plenum chamber upstream and independent of the model. The cause of this behaviour

was unexplained, though it was thought to result from negative wake pressure downstream of

the model drawing flow out of the plenum there. It was suggested that the impact of longer

tolerant tunnels on results can be compensated for by using lower OARs [83].

Based on the University of Sydney tunnel calibration, it seems likely that the cause of the
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larger optimal OAR of the current study is a conversely compensatory effect for the lower

L/H of the tunnel compared with that of the UBC tunnel. Given the quality of data obtained

from the Imperial College tolerant test section, it does not seem that the shorter plenums have

limited the effectiveness of the tunnel.

4.8.5 Standard deviation of forces and moments

In lieu of a suitable low blockage reference to use in a regression analysis, a standard deviation

from the mean of results for the five NACA 0015 aerofoils in a given tunnel configuration, at a

given Reynolds number, has instead been used. This is calculated at each incidence at which

readings were taken. The results are summed over a desired range of incidences, with the

best performing tunnel having the lowest sum of standard deviations,
∑

SD, since it provides

the most consistent force and moment results across the range of aerofoil sizes. As previously

mentioned, in free air, forces and moments generated by an aerofoil are independent of the

aerofoil’s size, should Reynolds number remain constant. Therefore, the tunnel providing the

most consistency across the five models gives the best approximation of free air conditions.

The same calculations were also completed using the results for the smallest aerofoil

(c/H = 0.1) in place of the mean of the five aerofoils. This methodology is closer to those

of Flay et al [82], as used by Hameury [54]: the smallest aerofoil is the least affected by

blockage and the nearest thing to a low-blockage benchmark. As a comparative measure of

the performance of tunnel configurations, little difference was found between the results for

standard deviation from the mean and deviation from the c/H = 0.1 aerofoil. Results are

presented here for standard deviation as it is a more commonly understood measure.

The
∑

SD methodology requires the compiling of results of numerous individual exper-

iments, all subject to errors as described in Section 4.7, to give single data points. If a

worst-case scenario is assumed for errors in the underlying experiments, where the lower two

quartiles of readings are subject to the maximum under-measurement error possible, and the

upper two are subject to the maximum over-measurement, the resulting absolute error in the

standard deviation is never larger than that of the readings. The summations will lead to

accumulation of errors, though It is likely that they will be subject to some netting off of over

and under errors in the standard deviations, reducing the overall impact. Given the low value

of the standard deviations, estimation of maximum percentage errors for
∑

SD has not been
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attempted. Care should be taken when drawing conclusions on tunnel performance based on

the
∑

SD analysis alone because of the potential for error accumulation. Here, the assessment

is augmented with an analysis of the raw experimental outputs (Sections 4.8.2 and 4.8.3) and

Hameury’s tunnel calibration methods (Section 4.8.4).

For attached flow calibrations,
∑

SD has been calculated for incidences of −2◦ - 8◦ for

60 000 and −2◦ - 10◦ for 150 000 and 250 000. For post-stall performance,
∑

SD has been

calculated for 20◦ - 160◦ for all Reynolds numbers. The incidences around stall have been

avoided entirely as differences between the results for the aerofoils cannot necessarily be

attributed to blockage here. Note that due to the problems with transducer saturation for

the c/H = 0.1 aerofoil at Re = 250 000 in the DS-67 tunnel,
∑

SD calculations for this

experiment ignore the problem incidences of 50◦, 55◦, 135◦ and 140◦, giving the DS-67 a

slight unfair advantage over the other tunnels. The incidences tested changed over the course

of the research, see Section 4.5.1. For the purposes of
∑

SD calculations, only those angles

tested during all runs (see Table 4.2) were considered.

Plots of the attached and separated
∑

SD against OAR are presented in Fig. 4.23 for the

double slatted wall tolerant tunnel and Fig. 4.24 for the single slatted wall tolerant tunnel.

Corrected results for the solid walled tunnel are included in the figures, shown plotted at an

OAR 0.775 or 0.925, and with unfilled point markers.

For attached flows at Re = 150 000 (Fig. 4.23a), the DS-71 is the best of the tolerant

tunnel configurations, as it has the lowest
∑

SD for lift, drag and moment. The corrected

solid walled tunnel is marginally better for drag, but worse for lift and moment. The differences

in performance between the DS-67, DS-71, DS-75 and solid tunnels for drag and moment are

unlikely to be significant once potential errors are considered. The single slatted wall tunnels,

designed for use with attached flows, all produce results comparable to the corrected solid

tunnel here (Fig. 4.24a), but perform considerably worse for lift than does the DS-71.

For detached flows (Fig. 4.23b), the DS-71 is again best for lift, while the DS-67 is better

for moment. Note how insensitive to OAR the
∑

SD measure is for all three coefficients in

the range 0.67 to 0.75, with differences between the tunnels again likely to be insignificant

when the potential impact of errors is considered. The tolerant tunnels perform better than

the solid walled tunnel for lift and moment, but are worse for drag. Performance of the

single slatted tunnels (Fig. 4.24b) are considerably worse than the doubly slatted for all three
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Figure 4.23: Summations of standard deviations for Cl, Cd and Cm for all NACA

0015 aerofoils, plotted against OAR for double slatted wall tunnel configurations.

Note that while corrected solid-walled data has an OAR of 0, it is shown plotted at

OAR = 0.775.
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Figure 4.24: Summations of standard deviations for Cl, Cd and Cm for all NACA

0015 aerofoils, plotted against OAR for single slatted wall tunnel configurations.

Note that while corrected solid-walled data has an OAR of 0, it is shown plotted at

OAR = 0.925.

coefficients. Table 4.5 summarises the performance of the tunnels for Cl, Cd and Cm across

the two incidence ranges for the three Reynolds numbers tested. Columns indicate the best

performing tolerant tunnel and the best tunnel overall. There is also a column comparing the

performance of the DS-71 and corrected solid walled tunnels.

Mostly, the tolerant tunnel out-performs the corrected solid walled tunnel data, though the

solid walled tunnel performs better for drag in separated flows for all three Reynolds numbers.

Trends in post-stall moment are similar to those for drag since, as described in Section 4.5.3,

the force transducers measure moment about the half chord. This is processed into moment

about the quarter chord by subtracting the moment of the normal force multiplied by 1
4c,

thus giving moment readings dependent on force measurements.

Attached flow drag and moment results are not significantly different for the DS-67, DS-71,

DS-75 and corrected solid walled tunnels. Values for both are very low when flow is attached

compared to other forces, regardless of aerofoil size, so
∑

SD is also low.

Referring to Figs 4.14 - 4.18 and D.9 - D.19, it can be seen that neither the tolerant tunnel

nor blockage corrections deal with blockage of the c/H = 0.3 aerofoil particularly well. This
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Re
Force

coefficient
Alpha range

Best
tolerant
config.

Best
tunnel
overall

∑
SD DS-71

<
∑

SD solid
corrected

150 000 Lift −2◦ - 10◦ DS-71 DS-71 X
20◦ - 160◦ DS-71 DS-71 X

Drag −2◦ - 10◦ DS-71 Solid 7

20◦ - 160◦ DS-67 Solid 7

Moment −2◦ - 10◦ DS-71 DS-71 X
20◦ - 160◦ DS-67 DS-67 X

60 000 Lift −2◦ - 8◦ DS-67 DS-67 X
20◦ - 160◦ DS-67 Solid 7

Drag −2◦ - 8◦ DS-75 DS-75 X
20◦ - 160◦ DS-67 Solid 7

Moment −2◦ - 8◦ DS-67 DS-67 X
20◦ - 160◦ DS-75 DS-75 7

250 000 Lift −2◦ - 10◦ DS-67 DS-67 X
20◦ - 160◦ DS-71 DS-71 X

Drag −2◦ - 10◦ DS-71 DS-71 X
20◦ - 160◦ DS-71 Solid 7

Moment −2◦ - 10◦ DS-71 DS-71 X
20◦ - 160◦ DS-67 Solid 7

Table 4.5: Summary of tunnel configuration performance based on standard devi-

ation summations for all NACA 0015 aerofoils

is particularly noticeable for drag. For the solid walled tunnels, the c/H = 0.3 aerofoil has

the highest peaks in the raw data plots (Figs 4.17, D.15 and D.18 for Re = 150 000, 60 000

and 250 000 respectively). Drag can be seen to be over-corrected, with the c/H = 0.3 aerofoil

having the lowest drag between incidences of 70◦ and 110◦, the peak at 90◦ inverted to a

trough, in Figures 4.18, D.16 and D.19.

The tolerant tunnel also struggles to cope with the blockage of the largest aerofoil at

incidences near to 90◦. For example, for the Re = 150 000 runs, the c/H = 0.3 aerofoil
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exhibits the lowest drag at incidences of 60◦ - 120◦ in the DS-71 and DS-75 tunnels, see

Figs 4.15 and 4.16 resepectively. The DS-75 tunnel can also be seen to similarly over-correct

for the c/H = 0.25 aerofoil at incidences of 80◦ - 110◦. These over-corrections are significant

even after the consideration of maximum possible errors. Similar trends can be seen in the

results at Re = 60 000 and 250 000 in Figs D.10, D.11, D.13 and D.14. Note that at less

extreme incidences, for Re = 150 000 and 250 000, the tolerant tunnel provides better results

for the c/H = 0.3 aerofoil than the corrected solid walled tunnel. In the tolerant tunnels,

drag is consistent with that of the smaller aerofoils, while the corrections under-correct drag

at incidences of < 60◦ and > 120◦.

As mentioned in Section 2.1.9, ESDU state that use has been made of their corrections

with c/H ratios of up to 0.35 [10], but it is doubtful this applies to incidences much beyond

stall, given the corrections are intended for use with minimal separation. It is therefore not

surprising that the results for the largest aerofoil are sub-optimal at incidences around 90◦.

The causes of the tolerant tunnel’s limitations are also understood. Hameury examined

the flow pattern in the plenum chambers of the tunnel using a combination of smoke flow

visualisation, tuft flow visualisation and plenum floor pressure tappings. He concluded that

the flow fell into two general modes, depending on the extent to which the tunnel was blocked

[54] and the tunnel OAR.

Under normal tunnel operating conditions, the plenum flow shows a single elongated re-

circulation with a centre downstream of the streamwise centre of the tunnel. A shear layer

exists within the plenum chamber, between this recirculation and the flow moving through

the tunnel. There is entrainment along the shear layer, and the layer stretches the full length

of the plenum, hitting the downstream end wall of the chamber. This is characterised as open

cavity flow [84].

Under the other mode of operation, the recirculation is not present. Instead, there are two

separation bubbles in the plenum chamber, one attached to the upstream wall and another

on the downstream wall. Between these, the shear layer layer impacts on the plenum floor.

See Fig. 4.25 for this flow pattern. This is characterised as shallow, closed cavity flow [84].

Hameury [54] observed the normal operating conditions for all the circular cylinder models

tested (with d/H of 0.083, 0.138, 0.25 and 0.333) and the two smallest flat plates normal to

the flow (c/H = 0.083 and 0.194). For the largest flat plate with c/H = 0.333, and for tests
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Figure 4.25: Flow pattern in tolerant tunnel plenum chamber under extreme block-

age [54].

conducted without any slat aerofoils in place (i.e. with an OAR of 1) for other models, the

alternate mode was observed. In the case of the large flat plate, the model blockage pushed

the free shear layer between the tunnel flow and the plenum recirculation outwards to such

an extent that it hit the plenum floor. For the high open area case, there were no slats

present to prevent the break-up of the free shear layer and again it hit the plenum floor.

Additionally, the flow deflections caused by the large flat plate were extreme enough to give

angles of attack large enough to stall upstream slat aerofoils, further degrading the quality of

flow in the plenums.

At incidences of 60◦ - 120◦, the DS-71 and DS-75 tunnels are unable to accommodate the

c/H = 0.3 aerofoil due to the plenum free shear layer hitting the plenum floor. For the DS-75

tunnel, the OAR is so low that the shear layer also hits the floor for the c/H = 0.25 aerofoil,

at incidences of 80◦ - 110◦. These effects manifest as the flattened drag peaks discussed above.

In lower OAR tunnels, there is less evidently flattened drag peaks for the larger aerofoils, but

all aerofoils suffer from a larger number of slats preventing sufficient movement of the free

shear layer into the plenum chamber and manifesting in the higher drag peaks associated with

conventional blockage effects in solid-walled tunnels.

In order to better judge the performance of the tolerant tunnel and ESDU blockage correc-

tions within sensible blockage limits, the analysis of standard deviation of forces and moments

has been repeated for aerofoils with c/H < 0.3, see Fig. 4.26. The best performing tolerant

tunnel, best tunnel overall, and the comparative performance of the conventional solid walled

tunnel and DS-71 tolerant tunnel for c/H < 0.3 are summarised in Table 4.6.
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Figure 4.26: Summations of standard deviations for Cl, Cd and Cm for NACA

0015 aerofoils with c/H < 0.3, plotted against OAR for double slatted wall tunnel

configurations. Note that while corrected solid-walled data has an OAR of 0, it is

shown plotted at OAR = 0.775.
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Re
Force

coefficient
Alpha range

Best
tolerant
config.

Best
tunnel
overall

∑
SD DS-71

<
∑

SD solid
corrected

150 000 Lift −2◦ - 10◦ DS-75 DS-75 X
20◦ - 160◦ DS-71 DS-71 X

Drag −2◦ - 10◦ DS-71 Solid 7

20◦ - 160◦ DS-71 DS-71 X

Moment −2◦ - 10◦ DS-71 DS-71 X
20◦ - 160◦ DS-71 DS-71 X

60 000 Lift −2◦ - 8◦ DS-67 DS-67 X
20◦ - 160◦ DS-67 Solid 7

Drag −2◦ - 8◦ DS-75 Solid 7

20◦ - 160◦ DS-67 DS-67 7

Moment −2◦ - 8◦ DS-67 DS-67 X
20◦ - 160◦ DS-75 DS-75 X

250 000 Lift −2◦ - 10◦ DS-67 DS-67 X
20◦ - 160◦ DS-75 DS-75 X

Drag −2◦ - 10◦ DS-71 DS-71 X
20◦ - 160◦ DS-71 DS-71 X

Moment −2◦ - 10◦ DS-71 DS-71 X
20◦ - 160◦ DS-71 DS-71 X

Table 4.6: Summary of tunnel configuration performance based on standard devi-

ation summations for NACA 0015 aerofoils with c/H < 0.3

The superior performance of the tolerant tunnel is clearer in these new analyses. The DS-

71 tunnel now gives the best detached flow drag and moment at Re = 150 000 and 250 000,

rather than the solid walled tunnel as was the case when considering all five aerofoils.

The solid walled tunnel remains superior for three Reynolds number/flow type pairings.

Attached flow drag is better in the solid walled tunnel at Re = 60 000 and 150 000, as is

detached flow lift at Re = 60 000. For a fourth pairing, detached flow drag at Re = 60 000,

while the DS-67 is the best tunnel overall, the solid walled tunnel out-performs the DS-71. For
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the attached flow cases, as previously mentioned,
∑

SD of drag is low for all the tunnels and

no one tunnel significantly outperforms the others; considering all three forces and moments

together it is clear that the DS-67, DS-71 and DS-75 tunnels outperform the solid walled

tunnel at all three Reynolds numbers tested.

For the detached flows at Re = 60 000, see Fig. 4.26d, performance of all four tunnels is

relatively poor compared to that at higher Reynolds numbers. Referring back to Figs D.16,

D.9, D.10 and D.11 confirms this, with none of the tunnels displaying the impressive data

collapses seen in higher speed flows, see for example the DS-71 tunnel at Re = 150 000 in

Fig. 4.15.

4.8.6 Surface pressure distribution similarity

As with the force balance data, Hameury’s pressure analysis techniques can only take tunnel

OAR assessments so far. In order to judge the pressure collapse across a range of incidences,

and considering both suction and pressure surfaces of the aerofoil, the following method has

been developed.

Since the c/H = 0.15 aerofoil has fewer pressure tappings, these were used as a starting

point. An equivalent Cp value at the appropriate chord-wise location on the c/H = 0.25 aero-

foil was interpolated for each using the pressure distributions of the larger aerofoil. Absolute

differences between the interpolated c/H = 0.25 equivalent Cp and the actual c/H = 0.15

Cp were calculated and summed across the c/H = 0.15 tappings at each incidence. The re-

sults were then summed across the representative attached flow and detached flow incidence

ranges of −2◦ - 10◦ (−2◦ - 8◦ for Re = 60 000) and 20◦ - 160◦. The maximum possible error

in any of these summations is the same as that of any of the underlying pressure readings

(approximately 1%, see Section 4.7). There are no commonly used corrections for pressure

distributions, so no analysis of the corrected solid walled tunnel data is included.

The DS-71 tunnel performs best for attached flow at Re = 150 000 and 250 000, and for

detached flow at Re = 250 000, while the DS-75 is best for attached flow for Re = 60 000

and for detached flow for Re = 60 000 and 150 000. As with the force balance data, results

are similar for the three tolerant configurations, suggesting tunnel performance is relatively

insensitive to OAR within the range of OARs selected for testing.
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Figure 4.27: Variation of sums of difference in Cp for −2◦ ≤ α ≤ 8◦ (Re = 60 000)

and −2◦ - 10◦ (Re = 150 000, 250 000), as a function of OAR for the two pressure

tapped NACA 0015 aerofoils, double slatted wall tunnel configurations.
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Figure 4.28: Variation of sums of difference in Cp for 20◦ ≤ α ≤ 160◦, as a function

of OAR for the two pressure tapped NACA 0015 aerofoils, double slatted wall tunnel

configurations.
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4.9 Discussion on OAR calibrations

The analyses of tolerant tunnel configurations presented in this chapter point to the double

slatted configuration, with OAR of 0.67-0.75, providing the best reduction of blockage effects

across a range of model sizes and Reynolds numbers. Notably, it outperforms conventional

solid-walled tunnels and blockage corrections at all but Re = 60 000, where neither the tolerant

tunnel nor conventional methods perform particularly well.

Table 4.6 summarises the performance for aerofoils with c/H < 0.3 based on the standard

deviation of forces and moments method described in Section 4.8.5. Analysis is split between

attached and detached flow, for lift, drag and moment and Re = 60 000, 150 000 and 250 000,

giving 18 experiment types over which to judge the tunnels. The DS-71 is judged to be the best

tunnel for eight of these, the DS-67 for four, and the DS-75 for three, with the conventional

solid-walled tunnel taking the remaining three.

For surface pressure performance, using the methods of Section 4.8.6, and again splitting

the judgement between attached and detached flow for Re = 60 000, 150 000 and 250 000,

there are six experiment types. The DS-71 tunnel is best for three of them, with the DS-75

better for the other three.

Based on all of the assessments described in Section 4.8, the DS-71 seems to be the best

performer overall, and since it neighbours both the DS-67 and DS-75 in terms of OAR is a

good compromise choice for the experiment types served better by those tunnels. Additionally,

most of the analyses have suggested little influence of OAR within the narrowed range of 0.67-

0.75. To demonstrate that this is true, specifically for low blockage experiments, Figs 4.29 -

4.31 are presented. These show lift, drag and moment coefficients against incidence for the

c/H = 0.1 aerofoil at Re = 60 000, 150 000 and 250 000. The three best performing tolerant

tunnels are plotted on the same axes. Note that, as before, the Re = 250 000 readings affected

by transducer saturation are omitted.

For Re = 60 000 there is some impact of OAR on the results. At the drag peak at α = 90◦,

the spread in the results is 5.4%. At the lift peak at α = 40◦, the spread is 4.6%. Maximum

experimental error from an established mean was estimated at 2.6% in Section 4.7, giving a

maximum spread of 5.2% (double the maximum error), suggesting these differences between

the OARs are significant for drag.

108



Chapter 4. The blockage tolerant wind tunnel: design, build and
commissioning

0 20 40 60 80 100 120 140 160 180

−1

−0.5

0

0.5

1

1.5

2

α (degrees)

C
l,
C
d
,
C
m

Cl, Cd, Cm DS-67
Cl, Cd, Cm DS-71
Cl, Cd, Cm DS-75

Figure 4.29: Cl, Cd and Cm vs α for the c/H = 0.1 NACA 0015 aerofoil taken in

the tolerant tunnel, DS-67, DS-71 and DS-75 configurations, at Re = 60 000.
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Figure 4.30: Cl, Cd and Cm vs α for the c/H = 0.1 NACA 0015 aerofoil taken in

the tolerant tunnel, DS-67, DS-71 and DS-75 configurations, at Re = 150 000.
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Figure 4.31: Cl, Cd and Cm vs α for the c/H = 0.1 NACA 0015 aerofoil taken in

the tolerant tunnel, DS-67, DS-71 and DS-75 configurations, at Re = 250 000.

For Re = 150 000, the equivalent spreads are 3.2% for drag at 90◦ and 1.8% for lift at 40◦,

neither of these being more than double the estimated maximum error of 1.8%. Lift and drag

spreads for Re = 250 000 they are 2.1% and 2.0%. Again, neither are more than double the

maximum error for this Reynolds number, 1.7% for 250 000.

Similar comparative plots for tunnel type were prepared for surface pressure measurements,

using the c/H = 0.15 aerofoil. Very little difference was noted between the DS-67, DS-71 and

DS-75 tunnels other than for incidences around 90◦. Fig. 4.32 shows results at Re = 60 000,

150 000 and 250 000 for α = 90◦. The pressure surface results are practically identical, but

there are small differences in suction surface results at the higher Reynolds numbers.

These results suggest that the choice between the DS-67, DS-71 and DS-75 tunnels is

somewhat arbitrary for the smaller aerofoils, and support the selection of the DS-71 for further

experiments. Table 4.6 has a column summarising the performance of the configuration

against the conventional solid walled tunnel. To see a more detailed comparison between

results taken in the DS-71 tolerant tunnel and the conventional solid walled tunnel, across a

greater range of Reynolds numbers than those used during the OAR calibration process, refer

to Section 5.3.
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Figure 4.32: Cp plotted against normalised chord-wise position for the c/H = 0.15

NACA 0015 aerofoil at α = 90◦ taken tolerant tunnel, DS-67, DS-71 and DS-75

configurations.

To demonstrate how the tolerant tunnel achieves a free air approximation, simulations

have been conducted using the panel method described in Section 3.2 for an aerofoil in free

air, in a solid-walled tunnel and in the DS-71 tunnel. Fig. 4.33a shows streamlines around the

aerofoil (starting at the same points in the flow for all three conditions) and Fig. 4.33b shows

a zoomed view of the region of flow around the aerofoil. For the solid-walled and tolerant

tunnels a c/H of 0.1 has been used to match the majority of experiments presented in this

thesis and tunnel dimensions (L/H ratio, slat chord to H ratio) match the Imperial College

3’ × 3’ tolerant test section. It can be seen that the tolerant tunnel provides flow conditions

closer to free air than the solid-walled tunnel: the single streamline shown in Fig. 4.33b passes

above the aerofoil in free air and in the tolerant tunnel, but below the aerofoil when flow is

constrained by solid tunnel walls. With streamlines close to those expected in free air, the

forces and moments induced on an aerofoil under test will also be close to their equivalents

in unconstrained flow.

The experimental results from the Imperial College tolerant tunnel are close to free air. At

Re = 150 000, for the DS-71 tunnel, there is a spread in post-stall lift coefficients of 6% (2.4% -
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(b) Zoomed view of region around the test aerofoil.

Figure 4.33: Modelled streamline behaviour in free air, a solid-walled tunnel and

the DS-71 tolerant tunnel.

9.6% considering maximum possible errors) between the five NACA 0015s at α = 45◦, as seen

in Fig. 4.15 (in free air, the peaks would be identical). Using the conventional solid walled

tunnel and blockage corrections, there remains a spread in lift coefficients of 14% (10.4% -

17.6% considering errors), see Fig. 4.18. The DS-71 tunnel provides a significant improvement

on conventional techniques, critically reducing the spread in lift below the 10% identified as

problematic in BEM code inputs in Fig. 1.4.
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Force and surface pressure

experiments: results, validation and

analysis

The previous chapter describes experiments conducted for the purposes of calibrating the

tolerant tunnel’s OAR. This chapter contains results taken using the best OAR of 71%.

Surface pressure distributions are given first and were taken using an identical methodology

to the earlier experiments and at the same Reynolds numbers. Force transducer readings were

taken with improved techniques over a wider range of Reynolds numbers. The improvements

are described then the results given. Benchmark results taken in a solid walled tunnel are

presented and comparisons made to those taken in the tolerant tunnel. Finally, the impact of

Reynolds number, aerofoil profile camber and thickness on aerofoil performance are discussed.

5.1 Surface pressure distributions

Results are presented here for the c/H = 0.25 NACA 0015 from the DS-71 tolerant tunnel.

The c/H = 0.15 aerofoil has fewer tappings so is omitted. It has been demonstrated earlier

(Fig. 4.19) that results are consistent for the two aerofoils in this tunnel configuration, sug-

gesting that the large blockage of the c/H = 0.25 aerofoil does not negatively impact results

compared to the smaller blade.
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Fig. 5.1 shows pressure distributions at incidences of 20◦, 0◦, 2◦, 4◦, 6◦ and 10◦ for the

three Reynolds numbers at which pressure testing was conducted, 60 000, 150 000, and 250 000.

Clearly visible, at incidences of 2◦ - 10◦, is a laminar separation bubble on the suction surface

of the aerofoil. For example, at 6◦, the bubble is visible at 0.15c - 0.5c at Re = 60 000,

0.15c - 0.35c at Re = 150 000 and 0.15c - 0.3c at Re = 250 000. At all incidences where

the bubble is present, the point at which the boundary layer separates from the aerofoil is

largely independent of Reynolds number. The length of the bubble decreases as Reynolds

number increases, as the distance required for the separated boundary layer to transition to

turbulence and reattach is reduced.

The bubble moves towards the leading edge as incidence increases and the adverse pressure

gradient gets stronger, pulling the point of separation forwards. At low incidences, where

separation occurs close to the trailing edge, no reattachment occurs due to the transition of

the separated boundary layer occurring downstream of the end of the aerofoil. Section 1.5.5

gives some background on laminar separation bubbles and they are discussed more in the

context of this study’s results in Sections 5.2.3 and 5.4.

At α = 6◦ and 10◦, see Fig. 5.1(e) and (f) respectively, flows show clear Reynolds number

dependancy even when ignoring the laminar separation bubble, with higher negative pressure

peaks at higher Re. Where flow is separated this is not the case, as shown in the results

for α = 20◦ in Fig. 5.1(a). Fig. 5.2 shows pressure distributions at incidences of 30◦, 50◦,

90◦, 150◦, 170◦ and 180◦ for Re = 150 000. Also included are pressure distributions from

existing studies, namely those of Pope for the NACA 0015 [36], Bergeles et al. for the

NACA 0012 [33] and Fage and Johansen [63] and Hameury [54] for flat plates. No attempt

was made to validate the attached flow distributions to these studies as they were taken at

different Reynolds numbers and other than Pope’s using different profile shapes. Where flow

is separated, results for the NACA 0012 and 0015 should be near-identical and flat plates will

be similar other than near to the leading edge which is far less sharp in an aerofoil.

The studies all show reasonable agreement to each other. Pressure surface similarity is

particularly strong, other than at α = 30◦, where the leading edge curvature still has an impact

on the flow along the whole of the pressure surface, making the results profile shape-dependent.

Agreement for the suction surfaces is less good, with those of Pope, the only other NACA 0015

study, consistently lower in magnitude than all the other studies. The unusually low pressures
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Figure 5.1: Cp plotted against normalised chord-wise position for the c/H = 0.25

NACA 0015 aerofoil at various Reynolds numbers at (a) 20◦, (b) 0◦, (c) 2◦, (d) 4◦,
(e) 6◦, (f) 10◦
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probably result from Pope’s unusual approach to blockage reduction, using a “breather” to

atmosphere and correcting only for streamline curvature. Should the “breather” allow too

much flow to exit the tunnel, an over-correction for blockage will be provided resulting in low

suction surface pressures but minimal changes to the pressure surface, as is the case in the

tolerant tunnel with OARs higher than optimal [54]. See Appendix A.1.2 for more on Pope’s

methods.

The very strong agreement of this study to Hameury’s flat plate at α = 90◦, taken in his

original version of the tolerant tunnel, is particularly noteworthy given the identical approach

to blockage reduction of the two studies.

5.2 Force transducer measurements, tolerant tunnel with OAR

= 71%

The smallest NACA 0015 aerofoil (c/H = 0.1) was selected for testing at a wider range of

Reynolds numbers. Three c/H = 0.2 NACA 0018 variants have also been tested at a wide

range of Reynolds numbers, for use in work on Migliore’s virtual camber theory [24], see

Section 6.5.

Changes were made to the experimental techniques of Ch. 4 to improve the accuracy

of data obtained from the apparatus, particularly at Reynolds numbers of less than 60 000.

These are detailed here, with sections on new pre-offset settling times and experiment sampling

times. Results for the c/H = 0.1 NACA 0015 are presented for Re = 20 000, 40 000, 60 000,

80 000, 100 000, 125 000, 150 000, 200 000 and 250 000, and for the c/H = 0.2 NACA 0018

variants for Re = 40 000, 60 000, 80 000, 100 000, 125 000, 150 000, 200 000 250 000 and 300 000.

5.2.1 Pre-offset settling times

Preliminary testing at Reynolds numbers below 60 000 returned some unusual results (e.g.

negative drag at low incidences). It was suspected that inaccurate offsets were the cause of

the negative drag readings. Per Section 4.5.1, for symmetrical aerofoils, zero incidence is set by

the data acquisition software using results from a short preliminary run of the tunnel. For the

tunnel OAR calibration experiments of Ch. 4, offsets were taken after a 10 s pause, following

the end of the incidence zeroing tunnel run. The incidence zeroing was run at a Reynolds
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number of 150 000 to ensure linearity of the lift-incidence curve near to α = 0◦. Should the

settling time between the running of the zero incidence finder and the taking of the offset be

insufficient, the influence of the forces measured during the incidence finding process could be

captured in the offset, resulting in the negative drags measured at low Reynolds numbers. A

re-analysis of settling times for the force transducers was conducted:

• Under no flow, moving between neighbouring incidences (i.e. 1◦ apart at low incidences,

5◦ apart at more extreme incidences) to test the impact of rig rotation on settling times.

• Under no flow, immediately following the running of the tunnel at Re = 150 000, to test

the impact of the incidence zeroing process on transducer offsets.

A standard reading was taken 10 s after the rotation/tunnel run, with a second taken

5 minutes after. The differences between the two results were processed into lift, drag and

moment coefficients using the 10 s reading as a base, and typical dynamic pressures for each of

the Reynolds numbers tested. No significant differences were noted between the two readings

so no changes were made to earlier methods.

For the effects of the incidence zeroing process, a full set of offset readings, at 10◦ intervals

between 0◦ and 180◦ was taken after a 10 s pause. An additional offset was taken after a

five minute pause. The differences between the two results were processed into lift, drag and

moment coefficients using the 10 s reading as a base, with typical dynamic pressures for each

of the Reynolds numbers tested. Drag was the worst affected, with Cd = −0.2 between the

5 min and 10 s offsets for Re = 20 000. For Re = 60 000, Cd = −0.02, not insignificant for

attached flow measurements, but for Re = 150 000, Cd = −3× 10−4, well within the margin

of error caused by other foreseeable flaws in the experimental methods, see Section 4.7. The

data taken at Re = 60 000 in Ch. 4 may therefore be unreliable at low incidences, but since it

is all similarly affected, remains suitable for the uses made of it for tunnel OAR calibration.

A longer five minute settling time was written into the data acquisition software between

the running of the zero incidence finder and the taking of the offset, and between the taking

of the offset and the main run of the experiment. A further five minute pause was added

between the end of the main experiment and the taking of the second, post-experiment offset.

This settling time has a large safety factor and is much longer than strictly necessary, no

further settling of the transducers was noted beyond the five minute pauses.
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5.2.2 Sampling times

Following the methods of Section 4.5.2, sampling times were assessed for the wider range of

Reynolds numbers under test here. The times used are detailed in Table 5.1.

Force measurements

Aerofoil c/H Re 45◦ ≤ |α| ≤ 135◦ Other α

0.1 < 40 000 120 s 120 s
40 000 - 100 000 60 s 60 s

> 100 000 60 s 30 s

0.2 < 40 000 120 s 120 s
40 000 - 100 000 120 s 60 s

> 100 000 60 s 30 s

Table 5.1: Sampling times for force and pressure experiments

5.2.3 NACA 0015

Figs 5.3 - 5.5 show results for the c/H = 0.1 NACA 0015 aerofoil for lift, drag and moment

about the quarter chord, plotted against incidence. All figures include (a) a plot from −4◦ to

184◦, and (b) −4◦ to 15◦, focussing on the attached flow region. Fig. 5.6 shows the lift/drag

polar for the aerofoil, with (a) a plot for all the results from −4◦ to 184◦, and (b) showing

−4◦ to the point at which stall occurs.

Results were taken with increasing incidence over the full incidence range, with at least

four runs taken at each Reynolds number. An exception to the was Re = 20 000, for which

only three runs were taken due to the length of time required for the runs, and the limited

accuracies achieved for this Reynolds number. Decreasing incidence results were taken for a

narrower range of angles around the stall point for each Reynolds number other than 20 000

(where no stall occurred). At least three decreasing runs were conducted for each.

The results presented here are averages of all the runs for each Reynolds number. For Re <

100 000, there is very little hysteresis between the increasing and decreasing results, so averages

at these Reynolds numbers have been calculated taking all increasing and decreasing results

together. For Re ≥ 100 000, results are averaged for increasing and decreasing incidence
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separately, and both are shown here. For example, in Fig. 5.3(b), lift for the Re = 250 000

case with slowly increasing incidence can be seen to stall at 12◦ - 13◦, but with decreasing

incidence flow does not fully reattach until 10◦. Similar effects can be seen in drag and

moment plots. In the polar plots, decreasing incidence runs are plotted with lighter weighted

lines and smaller point markers. Note that due to the low drag scale on this plot, some

small discrepancies can be seen between increasing and decreasing incidence runs outside of

the incidence ranges affected by hysteresis. These are within the experimental error limits

established in Section 4.7.

Drag at Re = 20 000, see Fig. 5.4, is negative at incidences below 1◦. This is obviously

inaccurate, due to limitations when measuring forces as low as those generated by the aerofoil

at such a low Reynolds number, as covered in the previous section. Other than that, attached

flow results show the expected patterns, maximum lift and stall angle increase with Reynolds

number, for both the increasing and decreasing incidence runs. Drag decreases with increasing

Re where flow is attached. Post-stall, there is a slight positive correlation between Reynolds

number and lift and drag, but the performance here is remarkably similar across all the

Reynolds numbers tested. See Section 5.4 for more on Reynolds number effects. There are

some unusual behaviours at Reynolds numbers of less than 100, 000 for attached flows, which

are discussed alongside validation against existing studies below.

Validation

Figs 5.7 - 5.9 show results from the current study for lift, drag and moment about the quarter

chord alongside selected studies for the NACA 0015 and NACA 0012. NACA 0012 results

should be very similar to those of the NACA 0015 where flow is separated, since the curvature

of the suction surface has limited impact on the forces induced on the aerofoil. For more

detail on the referenced studies, refer to Appendix A. The post-stall results of Figs 5.7 - 5.9

represent, to the best of the author’s knowledge, an exhaustive review of studies covering

extensive deep stall incidences for the NACA 0012 and 0015. See Timmer [49] for a review of

NACA 0012 data and Lindenberg [50] for a more comprehensive review including cambered

aerofoils. Critzos et al. [34] and Sheldahl and Klimas [20] tested at a range of Reynolds

numbers. Here, their lowest Re data is reproduced as it is closest to those used in the current

study. Note that results for Re = 200 000 from the current study are used for comparisons,
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Figure 5.3: Cl vs α for the c/H = 0.1 NACA 0015 aerofoil taken in the tolerant

tunnel, DS-71 configuration at various Re. (a) −4◦ ≤ α ≤ 184◦, (b) −4◦ ≤ α ≤ 15◦.
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Figure 5.6: Cl vs Cd polar for the c/H = 0.1 NACA 0015 aerofoil taken in the

tolerant tunnel, DS-71 configuration at various Re. (a) −4◦ ≤ α ≤ 184◦, (b)
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rather that Re = 250 000. The forces induced on the c/H = 0.1 aerofoil at the higher Re were

at the upper limits of the transducer ranges and may have been affected by sensor saturation.

The Re = 250 000 do not follow the trend of higher lift and drag results post-stall with higher

Reynolds number, see Section 5.4.

Pope’s study [36] exhibits lower post-stall peaks in spite of the far higher Reynolds number

of the experiment. This is most likely the result of the unusual blockage reduction technique

used, see Appendix A.1.2. See also pressure results from his study compared to others in

Section 5.1, which show the atypical suction surface results of the study when flow is sepa-

rated. Pope’s moment data exhibits some scatter but it is much smoother than Sheldahl and

Klimas’s. Again, the peaks are much lower than those of the current study.

Agreement between the current study, Sheldahl and Klimas, and the NACA 0012 studies

is reasonable, with good agreement to that of Sheldahl and Klimas and Bergeles et al. [33] for

lift and drag, though there is a fair amount of scatter in the former reference’s drag results at

70◦ < α < 110◦. For moment, Bergeles et. al has a significantly lower trough post-stall and

Sheldahl and Klimas has such extensive scatter as to be unusable post-stall. Critzos et al.

[34] and Massini et al. [35] have slightly higher peaks for all relevant coefficients over most of

the post-stall region (Massini et al. do not provide moment data).

All the referenced studies (excluding Pope) have low c/H of between 0.07 and 0.14 and

use a variety of blockage corrections, see Ch 2 for a review of blockage corrections and Ap-

pendix A for more detail on the studies. The 10% variation between the post-stall peaks of

the studies (excluding Pope) is not much larger than the variations between blockage correc-

tions demonstrated in Fig. 2.10. Remaining differences are the result of Reynolds number

and aerofoil thickness effects, as well as other inconsistencies between the experiments, and

experimental error.

Figs 5.7(b) and 5.8(b) include results for the current study alongside Jacobs and Sherman

[43], the only study the author could find that has tested the NACA 0015 at similar Reynolds

numbers, and two NACA 0012 studies [8, 41]. Jacobs and Sherman’s study has been corrected

from finite wing experiments in a wind tunnel with high turbulence intensity. Stall point

should be reasonably accurately rendered to within a few degrees. The characteristic kink in

the lift curves of the infinite wings is not present in Jacobs and Sherman’s lift curve. This

is because low aspect ratio wings at low Reynolds numbers have more linear lift-incidence
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curves than infinite aerofoils [85]. Stall is delayed to higher incidences for finite wings. This

occurs at α = 11.34◦ with Clmax = 0.92 for Re = 166 000, values close to those of the current

study at Re = 150 000.

The laminar separation bubble that causes the kink in the lift curve has less of an impact

on the performance of wings since it does not extend across the whole span. Jacobs’s study

exhibits a far smoother lift curve up to its stall point, close to a straight line from α = 0◦.

Lifting line theory is not valid beyond stall; though Jacobs and Sherman apply additional

corrections near to stall the curves still look an unrealistic approximation of two-dimensional

aerofoils.

The study also provides results at Re = 42 900 and 84 000 [43]. These show poor agreement

to the equivalent Reynolds numbers of the current study. Here, at Re = 40 000, stall occurs

at α = 6◦ but at α = 9.5◦ for the reference. At Re = 80 000, stall occurs at α = 9◦ but

at α = 11.5◦ in the reference. This is partly due to the aforementioned finite wing effects

and high tunnel turbulence, but in a review of just two-dimensional aerofoil studies, Selig

noted significant differences between data from different studies where Re < 100 000 [53].

Carmicheal found similar [28] in his low Reynolds number survey. Miley found smaller, but

still significant, differences between results for the NACA 4415 taken at Re = 1.5 × 106, a

reasonably high Reynolds number [30] (Lissaman defines low Reynolds numbers as the range

of 104 to 106 [86]).

Selig and Lissaman give the following reasons for the discrepancies between datasets at

low Reynolds numbers:

• Flow quality: small differences in turbulence intensity have a large impact at low Re.

• Accuracy of measurements: small errors have a larger impact when variables being

measured are low.

• Methods of measurement: again, small differences are accentuated when the variables

being measured are low.

• Model accuracy: small variations in profiles have a far greater impact on performance at

lower Re, where there is extensive laminar flow. This is particularly true if inaccuracies

or roughness are extreme enough to cause premature transition of boundary layers to
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turbulent states.

Note that blockage is not significantly responsible for the differences at these low incidences

due to the low cross-sectional areas of aerofoils presented to the flow at low incidences.

The reviews of Selig and Carmicheal, alongside the extensive original work of Selig [81],

contain a wealth of low Reynolds number data covering incidences to a few degrees beyond

stall. Unfortunately they provide nothing on the NACA 0015, nor the 0012 or 0018. Com-

paring even similar aerofoils at low Reynolds numbers where flow is attached is of limited

use, given the large impact of small differences in aerofoil shape, but NACA 0012 studies are

included in Fig. 5.7(b) in lieu of any suitable NACA 0015 studies. Althaus’s Re = 40 000

results [8] are included as they exhibit similar unusual behaviour at incidences near to α = 0◦

as the results of the current study at Re = 20 000. Lift decreases with increasing incidence in

some regions, a feature not usually seen with attached flow. Both studies show positive lift

at 0◦, almost certainly the result of inaccuracies associated with measuring such low forces.

Laminar separation: the lift curve “bump” at low Reynolds numbers and the

separation bubble at Re > 20 000

Dong-Ha’s study over a limited range of incidences of 0◦ to 6◦ [41] is included as it exhibits

similar extreme “bumps” in lift curves at incidences between 1◦ and 3◦, and local drag maxima

at α = 0◦, to the current study. For Re = 40 000, 60 000 and 80 000, drag reduces from this

local maxima to a minimum at α = 6◦, see Fig. 5.4(b) and 5.6(b). These unusual low Reynolds

number polars, concave towards the Cl axis for Re < 100 000, were noted by Selig for profiles

that, like the NACA 0015, were not designed specifically for low Reynolds number applications

[53] and are also recognised in types C and D of Carmichael’s typical polar forms [28], see

Fig. 1.7. Note that the polar for Re = 40 000 is affected by accuracy issues and Re = 20 000

is omitted entirely due to the false negative drag results. Dong-Ha et al’s polars are not

included on Fig. 5.8(b) for reasons of plot scaling, their drag is far higher than other results:

the maximum at α = 0◦ is around 0.09, reducing to to a minimum at 6 deg of 0.06. Lift

and drag were calculated from pressure readings from 24 pressure taps, so accuracy for their

drag results will be limited. The figure only includes data from sources were drag is provided

with sufficient accuracy (combined plots of lift and drag against incidence are poorly scaled
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for drag).

To understand the mechanisms behind this behaviour, it is useful to reexamine the pressure

distributions from the previous section. Fig. 5.10a shows the pressure distributions at 2◦ and

4◦ for Re = 60 000 and Re = 250 000 for the c/H = 0.25 NACA 0015 aerofoil. All the pressure

distributions show evidence of laminar separation, see Fig. 5.10b to aid with the interpretation

of the distributions. The laminar separation at α = 2◦ for Re = 60 000 occurs so close to

the trailing edge that reattachment may not occur (note that the trailing edge pressure tap

is backwards-facing, and not on the suction surface). With increasing incidence comes a

stronger adverse pressure gradient on the suction surface, which pulls the point of laminar

separation towards the leading edge. The separated boundary layer rapidly transitions to

turbulent flow due to the greater susceptibility to do so of separated shear layers [86]. When

the separation has moved far enough along the suction surface, the now turbulent boundary

layer can reattach before the trailing edge (see Section 1.5.5 on laminar separation bubbles), as

can be seen at α = 4◦ at 0.75c, forming a laminar separation bubble. This leads to a reduction

in drag due to an improvement in the streamlined shape of the aerofoil plus bubble. This

behaviour at low incidences and low Reynolds numbers is supported by the smoke stream flow

visualisations of Dong-Ha et al for the NACA 0012, see Fig. 5.11. At α = 2◦ at Re = 23 000,

the transition point can be seen to occur near the trailing edge, with insufficient distance on

the aerofoil for flow to reattach. At α = 3◦, reattachment of the, now turbulent, boundary

layer does occur. For Re = 48 000, this difference in behaviour can be seen between α = 1◦

and α = 2◦.

The reason for the extreme lift “bumps” is thought to be the following. At certain inci-

dences, for example 1◦ at Re = 60 000, where flow separates and is unable to reattach before

the trailing edge, virtual additional length is added to the aerofoil, in much the same way

as a flatback aerofoil operates. See Fig. 5.11(g), where the streamlines around the aerofoil

and bubble are the shape of a larger aerofoil. It’s this artificial length, and the higher lift

force generated with its help, that gives the “bump”, coming at the expense of higher drag

coefficients. At higher incidences when flow is able to reattach, the artificial length is removed

from the aerofoil, the gradient of the lift/incidence curve and the drag coefficient is reducing

accordingly.

At Re = 40 000, the laminar separation bubble is longer than for at 60 000, so flow is not
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Figure 5.10: Pressure distributions and laminar separation bubbles

132



Chapter 5. Force and surface pressure experiments: results, validation and
analysis

Figure 5.11: Smoke stream flow visualisation for a low incidence, low Reynolds

number NACA 0012 [41].

able to reattach until a higher incidence of 3◦ is reached. For Re = 20 000, the flow is never

able to reattach. Zhou’s NACA 0012 study [42] shows a similar lack of any attached flow or

stall characteristic at Re = 5 300, but does exhibit flow attachment and subsequent stall at

Re = 10 500 and 51 000. This Reynolds number at which flow is able to reattach is known as

the critical Reynolds number [86, 28], see Section 5.4 for more on this.
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Laminar separation occurs at similar locations along the suction surface at both Re =

60 000 and 250 000, at 0.45c at 2◦ and 0.3c at 4◦. The pressure gradients are near identical

at both Reynolds numbers, but at 250 000 transition and reattachment occur over a much

shorter length, resulting in a smaller bubble, ending at 0.67c at 2◦ and 0.52c at 4◦. This

smaller bubble has less of an impact on aerofoil performance, meaning there is far less of a

“bump” in the lift incidence curve and the drag minimum occurs at α = 0◦.

All three Reynolds numbers tested with tapped aerofoils (60 000, 150 000 and 250 000)

have a bubble at higher incidences, towards the leading edge of the aerofoil’s suction surface.

This has an impact on lift curve slope, making it shallower than 2πα in the region before stall

in both cases. Evidence can be seen of this at all the Reynolds numbers tested.

Stall

According to Gault, at Reynolds numbers below Re = 800 000, only thin aerofoil and trailing

edge stall occur [26], depending on leading edge curvature. Here however, for the NACA 0015

and for the three other profiles tested, the stall is a combined thin aerofoil and leading edge

stall, displaying characteristics of both.

As with thin aerofoil stall, see Section 1.5, there is a “kink” in the lift curve slope, at 3◦ -

6◦ for Re > 100 000, associated with a change in laminar separation bubble behaviour. Below

this incidence, the bubble moves towards the trailing edge with increasing incidence and is

near to the leading edge at the “kink”. As incidence continues to increase, the bubble grows

larger, while the rate at which the point of separation moves forward significantly decreases,

causing a decrease in the gradient of the lift curve slope (this is particularly noticeable in the

18% thick aerofoils). As with leading edge stall, at a certain incidence, the adverse pressure

gradient becomes too great for the bubble to tolerate and it bursts, suddenly separating across

the whole of the suction surface. Again, it is helpful to return to pressure distributions to

better visualise the mechanisms behind this behaviour. Fig. 5.12 contains distributions at

incidences between 6◦ and 13◦ taken at Re = 150 000 for the c/H = 0.25 aerofoil, showing

the slowing rate of movement towards the leading edge, bubble growth (particularly between

10◦ and 12◦) and the sudden, complete separation of flow at α = 13◦.

Following Carmichael’s typical lift slope forms [28], see Fig. 1.7, the aerofoil demonstrates

a type D lift curve (with hystereses around stall) at all Reynolds numbers above 80 000. Below
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Figure 5.12: Pressure distributions at incidences around stall angle for the c/H =

0.25 aerofoil at Re = 150 000.

this, type B, with no hysteresis and non-linear lift, is given. At Re = 20 000 this regresses

to type E. Polar types are type A1 at Re > 100 000 and type D below this. No polar was

produced at Re = 20 000 due to low accuracy of drag measurements.

The laminar separation bubbles are responsible for the hysteresis visible around stall in

results for Re > 80 000. Once the flow is separated and incidences are reduced below the stall

angle, the flow will not reattach again until an incidence a number of degrees below the stall

angle is reached, when the pressure gradient is sufficiently low enough for a bubble to reform.

5.2.4 NACA 0018

The experimental set-up and methodologies are mostly identical between the NACA 0015 and

0018, any differences are discussed below. Here, there is no Re = 20 000 run, as the forces

were too low to be practically measured, for the reasons given in Section 4.7.
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At the upper end of the Reynolds number range, it has been possible to test up to

Re = 300 000 without saturating the force transducers. Tests at this Reynolds number were

conducted over a limited incidence range of −4◦ to 20◦ to limit the risk of saturation, since

the variation in post-stall lift and drag is not significant at the higher end of the Reynolds

number range tested. Figs 5.13 - 5.16 give plots of lift, drag and moment coefficients against

incidence, and Cl vs. Cd polars, for −4◦ - 184◦ and over a narrower range of −4◦ - 22◦,

focussing on the attached flow performance of the aerofoil.

The NACA 0018 exhibits no stall behaviour at Re = 40 000, suggesting that a laminar

bubble is never able to form in these flow conditions and flow never attaches to the suction

surface, as for the NACA 0015 at Re = 20 000, see Section 5.2.3. The critical Reynolds

number at which flow can reattach is higher for the NACA 0018 than the 0015 due to the

greater curvature of the aerofoil’s surfaces. A greater adverse pressure gradient results on the

suction surface of the NACA 0018 past the point of maximum thickness, making it harder for

separated boundary layers to reattach.

Given the repeatability and accuracies achieved for the NACA 0015 aerofoil, fewer repeats

were conducted on the NACA 0018. At least two were conducted for each run with increas-

ing incidence (full incidence range) and decreasing incidence (limited to the region around

stall). Results presented are the averages of these runs. Where there is no hysteresis between

increasing and decreasing incidence runs (at Re < 100 000), averages are taken of increasing

and decreasing runs together.

Figs 5.17 - 5.19 show selected results from this study alongside those of Du et al. [37, 68]

and Timmer [38], agreement to the latter reference being very good. Stall and reattachment

angles are different, but not by more than 1◦ for either the Re = 150 000 or 300 000 cases.

These differences could be the result of inconsistencies in aerofoil surface finishes or the tur-

bulence levels between the studies, or the approaches taken to minimise the impact of wind

tunnel blockage (Timmer uses a solid-walled tunnel and the blockage corrections of AGARD

[45] and Hackett [123], see Appendix A.1.3). Attached flow drag is lower for Timmer for the

Re = 150 000 runs, which could result from the different measurement techniques used (a

wake rake for the reference).

Agreement of moment results are also reasonable. In addition to the causes of differences

between lift and drag, here moment was measured about the half chord and quarter cord
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Figure 5.13: Cl vs α for the c/H = 0.2 NACA 0018 aerofoil taken in the tolerant

tunnel, DS-71 configuration at various Re. (a) −4◦ ≤ α ≤ 184◦, (b) −4◦ ≤ α ≤ 22◦.
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Figure 5.14: Cd vs α for the c/H = 0.2 NACA 0018 aerofoil taken in the tolerant

tunnel, DS-71 configuration at various Re. (a) −4◦ ≤ α ≤ 184◦, (b) −4◦ ≤ α ≤ 22◦.
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Figure 5.15: Cm vs α for the c/H = 0.2 NACA 0018 aerofoil taken in the tolerant

tunnel, DS-71 configuration at various Re. (a) −4◦ ≤ α ≤ 184◦, (b) −4◦ ≤ α ≤ 22◦.
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Figure 5.16: Cl vs Cd polar for the c/H = 0.2 NACA 0018 aerofoil taken in

the tolerant tunnel, DS-71 configuration at various Re. (a) −4◦ ≤ α ≤ 184◦, (b)

−4◦ ≤ α ≤ stall.
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moment calculated from it while Timmer presumably measured directly at the quarter chord

(though this is not explicitly stated).

Timmer states that the laminar bubble responsible for the bump in the lift curve slope

is on the lower surface of the aerofoil. This is doubtful and not backed up by the pressure

distributions for the NACA 0015 presented in Section 5.1. His analysis is based on RFoil

output that also shows a bubble on the upper surface per the findings of this study. He removed

the lift curve bumps with the application of forced transition at 85% of pressure surface (RFoil)

and boundary layer trips at 80% of chord on both suction and pressure surfaces (experiment).

It is not clear why a trip so far back along the aerofoil should result in significantly different

aerofoil behaviour at the incidences where the bump occurs (at 6◦ - 8◦, where the suction

surface laminar separation bubble is upstream of 80% of chord).

Du et al. shows poor agreement to the other studies where flow is attached, with lower lifts

attained. This could be partly due to the higher blockage of the experiments (c/H = 0.28), the

c/H = 0.3 NACA 0015 had lower attached flow lifts than the c/H = 0.2 in the experiments

of Ch. 4. The aforementioned general poor agreement between studies at Re < 100 000 found

by Selig [53] is likely responsible for some of the poor agreement observed here too, for the

reasons listed in Section 5.2.3. As with Timmer, inconsistencies in aerofoil surface finishes or

flow turbulence levels could also contribute to the differences.

Post-stall, agreement to Timmer’s study is good, though the study only covers incidences

up to 30◦. The peaks of Du et al’s study are higher for lift, due the higher blockage. The

lower drag peaks are due to the overcorrection of the high blockage, as for the c/H = 0.3

NACA 0015 aerofoil in Ch. 4.

5.2.5 NACA 0018 cambered transforms

Initial testing of the cambered aerofoils returned some unusual results at low Reynolds num-

bers, due to the influence of a 360◦ offsetting process on readings in the main experiment.

It proved difficult to isolate these effects, particularly at low Reynolds numbers. Instead,

experiments were split into shorter runs of incidences across 60◦ or 90◦ and blended in post-

processing.

For the cambered aerofoils, the testing process was again made more efficient to make

better use of tunnel time. This was possible thanks to the limited variation in performance
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Figure 5.17: Cl vs α from various NACA 0018 studies. (a) −4◦ ≤ α ≤ 184◦, (b)

−4◦ ≤ α ≤ 22◦.
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Figure 5.18: (a) Cd vs. α for incidences of −4◦ to 184◦ and (b) Cl vs. Cd for

attached flow, from various NACA 0018 studies.
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Figure 5.19: Cm vs α from various NACA 0018 studies.

at deeply stalled angles of attack, the strong repeatability of experiments, and the increased

accuracy of new techniques with limited incidence ranges tested in each run. Incidences

outside the ranges of −18◦ to 22◦ (for the c/R = 0.114 aerofoil) or −15◦ to 25◦ (for the

c/R = 0.25 aerofoil) were tested at Reynolds numbers of 60 000, 80 000, 150 000 and 250 000.

One run was conducted for each Reynolds number, with validation between the Reynolds

numbers used to give additional confidence in the results.

The −18◦ to 22◦ (c/R = 0.114 aerofoil) and −15◦ to 25◦ (c/R = 0.25 aerofoil) incidence

ranges were tested at least twice with increasing incidence, with at least one further run taken

with decreasing incidence. This was done for all the Reynolds numbers tested (the same used

for the uncambered NACA 0018: 40 000, 60 000, 80 000, 100 000, 125 000, 150 000, 200 000,

250 000 and 300 000).

Figs 5.20 - 5.23 show results for the NACA 0018 with c/R = 0.114, and Figs 5.20 - 5.23

for the c/R = 0.25 profile. Much of the analysis for the NACA 0018 is relevant for the two
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cambered profiles, as they share a common c/H of 0.2. Camber increases ClMAX and the

stall angle at positive stall, decreasing them for negative stall. For more on camber effects,

see Section 5.5.

For the c/R = 0.25 aerofoil, there is no stalling behaviour at Re = 60 000, suggesting the

critical Reynolds number at which flow can reattach is higher for this profile compared to the

NACA 0018 and 0015. This is again due to the greater curvature of the aerofoil’s suction

surface giving a greater adverse pressure gradient, making it harder for separated boundary

layers to reattach.

A unique feature of the c/R = 0.25 compared with all the other profiles tested is the

unusual hysteresis experienced at Re = 80 000, at incidences away from the stall angle. This

can be seen between α = 5◦ and α = 6◦ for increasing incidence, and between 3◦ and 5◦

for decreasing incidence. There is a large change in lift coefficient, with drag also altering

significantly.

As with the other aerofoils, laminar separation is present at low incidences and low

Reynolds numbers, occurring close enough to the trailing edge that the separated flow tran-

sitions to turbulence downstream of the aerofoil and no reattachment occurs. As incidence

is increased, so too is the adverse pressure gradient, pulling the separation point towards the

leading edge and eventually allowing the turbulent flow to reattach, forming a bubble. Unique

to this aerofoil is the hysteresis at the point at which the bubble forms where lift is boosted

and drag reduced.

With decreasing incidence, it seems the bubble is able to stay attached to the trailing edge

even when incidences of 5◦ and 4◦ are reached, where on the increasing incidence runs flow

remained separated. This analysis is based on the data presented, along with Dong-Ha’s flow

visualisation results for the NACA 0012 [41], but would need to be confirmed with pressure

readings and flow visualisation on this specific aerofoil for solid conclusions to be drawn.

5.3 Force transducer measurements, solid walled tunnel

Results were taken in the solid walled tunnel for the NACA 0015, and are presented in this

section for the purposes of benchmarking the tolerant tunnel’s performance against conven-

tional techniques. Blockage and streamline curvature have been corrected for as discussed in
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Figure 5.20: Cl vs α for the c/H = 0.2 transformed NACA 0018 aerofoil with

c/R = 0.114, taken in the tolerant tunnel, DS-71 configuration at various Re. (a)

−184◦ ≤ α ≤ 184◦, (b) −16◦ ≤ α ≤ 22◦.
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Figure 5.21: Cd vs α for the c/H = 0.2 transformed NACA 0018 aerofoil with

c/R = 0.114, taken in the tolerant tunnel, DS-71 configuration at various Re. (a)

−184◦ ≤ α ≤ 184◦, (b) −16◦ ≤ α ≤ 22◦.
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Figure 5.22: Cm vs α for the c/H = 0.2 transformed NACA 0018 aerofoil with

c/R = 0.114, taken in the tolerant tunnel, DS-71 configuration at various Re. (a)

−184◦ ≤ α ≤ 184◦, (b) −16◦ ≤ α ≤ 22◦.
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Figure 5.23: Cl vs Cd polar for the c/H = 0.2 transformed NACA 0018 aerofoil

with c/R = 0.114 taken in the tolerant tunnel, DS-71 configuration at various Re.

(a) −184◦ ≤ α ≤ 184◦, (b) incidences at which flow is attached.
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Figure 5.24: Cl vs α for the c/H = 0.2 transformed NACA 0018 aerofoil with

c/R = 0.25, taken in the tolerant tunnel, DS-71 configuration at various Re. (a)

−184◦ ≤ α ≤ 184◦, (b) −16◦ ≤ α ≤ 22◦.
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Figure 5.25: Cd vs α for the c/H = 0.2 transformed NACA 0018 aerofoil with

c/R = 0.25, taken in the tolerant tunnel, DS-71 configuration at various Re. (a)

−184◦ ≤ α ≤ 184◦, (b) −16◦ ≤ α ≤ 22◦.
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Figure 5.26: Cm vs α for the c/H = 0.2 transformed NACA 0018 aerofoil with

c/R = 0.25, taken in the tolerant tunnel, DS-71 configuration at various Re. (a)

−184◦ ≤ α ≤ 184◦, (b) −16◦ ≤ α ≤ 22◦.
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Figure 5.27: Cl vs Cd polar for the c/H = 0.2 transformed NACA 0018 aerofoil

with c/R = 0.25 taken in the tolerant tunnel, DS-71 configuration at various Re. (a)

−184◦ ≤ α ≤ 184◦, (b) incidences at which flow is attached.
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Ch. 2. The NACA 0018 and the c/R = 0.114 and c/R = 0.25 transforms of it were also tested

in the solid tunnel, but they are not presented here.

5.3.1 NACA 0015

Lift, drag and moment coefficients are shown for both increasing and decreasing incidences in

Figs 5.28 - 5.30. For Re = 20 000, 40 000 (for Cd and Cm), 60 000 and 80 000 there is very little

hysteresis, so averages are calculated using increasing and decreasing incidence runs. Where

there is hysteresis, separate averages are calculated for increasing and decreasing incidences.

General trends are similar between the tolerant and solid walled tunnel for the NACA

0015 with some small differences. Improvements in experimental techniques made before the

tolerant tunnel data was taken are responsible for some of the differences, while others result

from the approaches to blockage reduction of the tunnels. The plots in Section 5.4 are referred

to here for easier comparison between the tolerant and conventional tunnel results.

Fig. 5.32a for attached flow maximum lift shows results are near identical for the two

tunnels, the differences being smaller than the maximum experimental errors established in

Section 4.7. Minimum drag (Fig. 5.32b) is lower for the solid tunnel, the result of improve-

ments in techniques for the tolerant tunnel runs, particularly the longer settling times between

force transducer offsetting and experimental runs.

Stall angles are near-identical to the tolerant tunnel, the only difference being the later stall

of the conventional tunnel at Re = 250 000, at 13◦ rather than 12◦. Referring back to Fig. 5.3

for the lift results from the tolerant tunnel, it can be seen that the stall at Re = 250 000 is

less steep than other Reynolds numbers, with a still reasonably high lift at 13◦. Some of the

tolerant tunnel runs at Re = 250 000 exhibited the NACA 0015’s characteristic sharp stall

at 12◦, others at 13◦, giving the averaged performance presented here. There are therefore

minimal differences between the stall angles given in either of the tunnels.

The post-stall lift and drag results shown in Fig. 5.34 again show similar trends between

the tunnels, but with lower peaks for the tolerant tunnel. This is due to the different blockage

reduction techniques used. There are larger differences at low Reynolds numbers, again the

result of poorer accuracy for the solid walled tunnel readings.

It was established in Ch. 4 that the tolerant tunnel is better at giving consistent results over

a range of c/H ratios than the conventional tunnel. For the low blockage c/H = 0.1 aerofoil,
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Figure 5.28: Cl vs α for the c/H = 0.1 NACA 0015 aerofoil taken in the solid

walled tunnel, at various Re, with blockage corrections applied. (a) −4◦ ≤ α ≤ 184◦,
(b) −4◦ ≤ α ≤ 15◦.
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Figure 5.29: Cd vs α for the c/H = 0.1 NACA 0015 aerofoil taken in the solid

walled tunnel, at various Re, with blockage corrections applied. (a) −4◦ ≤ α ≤ 184◦,
(b) −4◦ ≤ α ≤ 15◦.
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Figure 5.30: Cm vs α for the c/H = 0.1 NACA 0015 aerofoil taken in the solid

walled tunnel, at various Re, with blockage corrections applied. (a) −4◦ ≤ α ≤ 184◦,
(b) −4◦ ≤ α ≤ 15◦.
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results are near-identical for the two tunnels and within, or close to, limits of established

experimental error (see Section 4.7) for most readings, other than for results taken at Re =

20 000 and for attached flow drag at all Reynolds numbers. These larger-than-error differences

are due to the solid walled tunnel producing lower data quality data where measured forces

are low, resulting from the improvements in measuring techniques made before the tolerant

tunnel experiments (see Section 5.2.1). That both blockage reduction techniques produce

such similar data allows confidence to be placed in the results of this study.

5.4 Reynolds number effects

The results from Figs. 5.3 - 5.30 are collated and presented here in new forms to analyse the

impact of the Reynolds number of the flow on various features of the aerofoils’ performance.

New figures are presented for maximum Cl/Cd, maximum attached flow Cl, minimum Cd,

stall angle and maximum detached flow Cl and Cd, all plotted against Reynolds number.

Where applicable, error bars for tolerant tunnel experiment are included on the plots, based

on the maximum errors estimated in Section 4.7. Solid-walled tunnel error bars are similar to

the tolerant tunnel and have been omitted to improve the legibility of the figures. Thickness

and camber effects are discussed in the following section using the same diagrams.

5.4.1 Maximum Cl/Cd

There is a general trend of higher (Cl/Cd)MAX with higher Reynolds number for all of the

profiles tested, though this trend is reversed between Re = 60 000 and Re = 200 000 for

the NACA 0018, see Fig. 5.31. No error bars are included on the figure as it is difficult to

estimate errors for attached flow drag readings, see the following section for more on this. All

three 18% thick aerofoils share a dramatic improvement in performance at a certain critical

Reynolds number, 60 000 for the symmetrical profile and the c/R = 0.114 and 80 000 for the

c/R = 0.25. This is the critical Reynolds number at which flow is able to reattach and form

a laminar separation bubble, as discussed in Section 5.2.3.

Re = 20 000 results for the NACA 0015 have been left off due to the inaccuracies of the

results. Note that other low Reynolds number results (≤ 60 000 for the c/H = 0.1 NACA 0015

and ≤ 100 000 for the c/H = 0.2 aerofoils) may also lack accuracy due to the low magnitude
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Figure 5.31: Maximum Cl/Cd vs Re for the four aerofoils tested in the tolerant

tunnel, compared to trends from Lissaman’s review [86].

of the drag forces being measured, see Section 4.7. Given the lack of any stall behaviour at

Re = 20 000 for the NACA 0015, the aerofoil would have a large drop in performance here,

similar to the other profiles.

Fig. 5.31 also includes (Cl/Cd)MAX trends for smooth and rough aerofoils, taken from

Lissaman’s review on low Reynolds number aerofoils [86], after [88]. The agreement to the

trends for smooth aerofoils is reasonable, though the critical Reynolds numbers of all of the

aerofoils, other than the c/R = 0.25, are lower than the range suggested in the references of

70 000 - 100 000. Carmichael notes in his review of low Reynolds number aerofoils that Recrit

numbers as low as 37 000 have been found [28]. The lowest of the current study, for the NACA

0015 lies somewhere between 20 000 and 40 000.

At the upper end of the Reynolds number range, the (Cl/Cd)MAX is low for all of the

profiles, agreeing more closely to the trends established for rough aerofoils, in spite of the

aerofoils having low surface roughnesses (approximately 0.4 µm Ra, see Section 4.2.4). The

difficulties of measuring the low magnitude, attached flow drag forces could be responsible
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(see below).

5.4.2 Attached flow ClMAX and CdMIN

Fig. 5.32a shows the variation of attached flow maximum Cl with Reynolds number, with error

bars. ClMAX increases with Re across the whole range of Reynolds numbers tested for all of

the aerofoil profiles. These findings are supported by the earlier studies of Timmer [38] for the

NACA 0018, which shows close agreement (within experimental error of the current study)

where the studies’ Reynolds number ranges overlap. Jacobs and Sherman show similar trends

for the NACA 0015 and 0018 [43], but there is poor agreement to the current study and to

Timmer. The NACA variable density wind tunnel used for the experiments had a high level

of turbulence to its flow, corrected for by applying a correction factor of 2.64 to measured

Reynolds numbers to give an effective Reynolds number, shifting the plots to the right in

Fig. 5.32. The aerofoil data was also obtained from corrected finite wing results. Jacobs and

Sherman themselves made comparisons to other studies and noted that their corrections could

be responsible for significant errors in published data [43]. See Appendix A.2.3 for more on

the corrections used in Jacobs and Sherman’s study.

Note that the attached flow ClMAX is not always generated at the stall angle, sometimes

it occurs a few degrees before. Data points are included on Fig. 5.32a only for Reynolds

numbers where stall occurs, so Re < 40 000 for the NACA 0015, Re < 60 000 for the NACA

0018, symmetrical and c/R = 0.114 and Re < 80 000 for the NACA 0018, c/R = 0.25 are

omitted as there is no stall, and so no attached flow on these runs of the experiment.

Results for CdMIN are included on Fig. 5.32b. Due to the low accuracy of the Re = 20 000

results for the NACA 0015, with negative drag measured, these have been omitted. Results

may lack accuracy for other low Reynolds numbers due to the low magnitude of drag forces.

Error bars have been omitted from this plot as maximum errors for these low force readings

cannot be estimated with sufficient confidence. Again, the studies of Timmer and Jacobs and

Sherman are included, with the latter showing the same Reynolds number correction-induced

shift to higher Reynolds numbers as for lift. Timmer’s study gives results around 0.005 lower,

likely due to his use of a wake rake for drag measurements. In absolute terms drag agreement

is closer than for attached flow ClMAX, where Timmer is 0.01 lower than the current study. All

of the studies demonstrate a reduction in drag with increasing Reynolds number, as viscous

160



Chapter 5. Force and surface pressure experiments: results, validation and
analysis

105 106
0.6

0.8

1

1.2

1.4

Reynolds number

A
tt

ac
h

ed
fl

ow
C
l
M
A
X

(a) Maximum attached flow Cl, with maximum error bars.

105 106
0.00

0.01

0.02

0.03

0.04

0.05

Reynolds number

C
d
M
IN

NACA 0015
NACA 0018

NACA 0018, c/R = 0.114

NACA 0018, c/R = 0.25

NACA 0015 (solid tunnel)
Jac & Sher NACA 0015
Jac & Sher NACA 0018
Timmer NACA 0018

(b) Minimum Cd.

Figure 5.32: Variations with Re for the four aerofoils tested in the tolerant tunnel,

compared to Timmer [38] and Jacobs and Sherman [43]

161



Chapter 5. Force and surface pressure experiments: results, validation and
analysis

forces come to have less of an effect compared with inertial forces.

5.4.3 Stall angle

Fig. 5.33 shows stall angles (with solid data points), alongside the angles at which flow reat-

taches with decreasing incidence (unfilled data points), against Reynolds number. The stepper

motor used to control incidence was accurate to within 0.02◦, the negligible angle measure-

ment errors resulting from it have been omitted from the figure. The increase in stall angles

and flow reattachment angles with increasing Reynolds number is supported by all studies in

Table 1.1 where Reynolds number is varied.

Note that Fig. 5.33 only contains data from runs where stall behaviour is discernible. All

of the aerofoils tested in this study exhibit laminar separation bubbles at Reynolds numbers

where there is stalling behaviour. The attached turbulent boundary layer downstream of

the bubble is able to accommodate increasing pressure recoveries with increasing Reynolds

number [28], thus enabling higher incidences to be reached before stall.

There is a widening of the hysteresis gap between stall and flow reattachment angles

with increasing Reynolds number, with the angles being identical at Re < 100 000 for the

NACA 0015 and Re < 80 000 for the NACA 0018. Other studies that present results with

increasing incidence have shown a similar widening of the gap in this Reynolds number range

[20, 38], though none have extended to Reynolds numbers below 150 000. The stability of the

short laminar separation bubble that “bursts” at stall is marginal [86] and it requires a lower

pressure recovery to reattach than it can tolerate before bursting. The effects of Reynolds

number are more significant on the pressure recovery limit that triggers bursting of the bubble

than on that at which the bubble can reform, leading to this widening.

5.4.4 Detached flow lift and drag peaks

Trends in detached flow ClMAX and CdMAX with Reynolds number are near-identical, see

Fig. 5.34 for this study and Fig. 5.35 for aggregated results of other post-stall studies on

symmetrical aerofoils that have varied Reynolds number. Note that Fig. 5.34 contains results

where the aerofoils were tested post-stall, so there are limited data points for the cambered

aerofoils. Drag results for the cambered aerofoils are those taken with the less curved surface
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Figure 5.33: Stall angle and flow reattachment angle vs Re for the four aerofoils

tested in the tolerant tunnel. White filled data points are for readings taken for flow

reattachment (with reducing incidence).

facing upstream.

Ignoring the results at Re = 250 000, which were affected by transducer saturation, and

those at Re = 20 000 and 40 000 where accuracy of readings is low, the NACA 0015 demon-

strates a general trend of higher peaks with higher Re. This trend is significant, even when

maximum experimental errors are considered. The other profiles do not demonstrate any

clear trends with Reynolds number. Most of the earlier studies in Fig. 5.35 also demonstrate

higher post-stall peaks with higher Reynolds numbers, and there is a similar trend across all

the studies.

Ostowari and Naik conducted post-stall studies on non-symmetric aerofoils at different

Reynolds numbers. They found slightly decreasing lift peaks with Reynolds number, in the

range 250 000 - 1 000 000 for the NACA 4412, 4415 and 4418, with minimal impact on drag

[89].

Given the limited data available, it is difficult to draw any definitive conclusions on the

dependency of post-stall aerofoil performance on Reynolds number. There is clearly some

dependency, but the exact nature of the relationship may also depend on aerofoil shape,

rather than being a general positive correlation.The review of Ch. 2 shows that blockage likely

163



Chapter 5. Force and surface pressure experiments: results, validation and
analysis

104 105 106
0.95

1

1.05

1.1

1.15

1.2

1.25

Reynolds number

D
et

ac
h

ed
fl

ow
C
l
M
A
X

NACA 0015
NACA 0018

NACA 0018, c/R = 0.114

NACA 0018, c/R = 0.25

NACA 0015 (solid tunnel)

104 105 106

1.7

1.8

1.9

2

Reynolds number

D
et

ac
h

ed
fl

ow
C
d
M
A
X

Figure 5.34: Maximum detached flow (a) Cl and (b) Cd vs Re for the four aerofoils

tested in the tolerant tunnel, with maximum error bars.

has a far larger impact on experimental post-stall results than Reynolds number, hindering

comparisons between datasets.

Given the small influence shown in most studies it could be a reasonable assumption that

for a given profile, detached flow performance is independent of Reynolds number. Currently,

this is taken to be the case in some aerofoil performance models [20, 73].
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Figure 5.35: Maximum dettached flow (a) Cl and (b) Cd vs Re for the studies of

Critzos et al. [34], Du et al. [37], Sheldahl and Klimas [20] and Zhou et al. [42]
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5.5 Thickness and camber effects

At all but the lowest Reynolds numbers tested, thickness and camber don’t have much impact

on Cl/Cd. All the profiles have a Reynolds number at which they have a sudden drastic drop

in performance. Thickness and camber both negatively impact on this limit, pushing it to a

higher Reynolds number, see Fig. 5.31.

Higher thickness/camber gives higher attached flow lift peaks. Jacobs and Sherman

demonstrated similar for thickness for the NACA 00xx (their results for the NACA 0015

and 0018 are shown on Fig. 5.32a) and 44xx families of aerofoils, and camber for the xx12

family, over the range of Reynolds numbers tested in this study [43].

Camber gives higher minimum drag in the current study, again supported by Jacobs and

Sherman’s findings for the xx12 family [43]. Thickness reduces minimum drag, an unusual

result that could be the result of experimental error, due to the lower absolute forces on the

NACA 0018 at an equivalent Reynolds number to the smaller chord NACA 0015. Jacobs and

Sherman’s results show the NACA 0015 to have lower drag than the 0018 [43], as shown in

Fig. 5.32b.

Addition of thickness and camber increases the stall angle, and also the angle at which

flow reattaches with decreasing incidence, but there is less of an impact on the latter, see

Fig. 5.33. This results in a widening of the gap between the stall and flow reattachment

angles with increasing thickness and camber.

Camber gives higher detached flow lift peaks, a perhaps surprising result given the ex-

pected minimal impact of profile shape where flow is fully attached. The result still stands

if maximum errors are considered. The effect must be the result of either, or both, of the

following:

• The pressure surface deflecting a greater mass of air downward with increasing camber.

For the c/R = 0.25 aerofoil, the pressure surface is concave near the trailing edge, and

near flat for the c/R = 0.114 aerofoil, so may deflect more air downward than the convex

symmetrical aerofoil surface.

• The small region of suction surface near the leading edge where flow is still attached

deflects more air downward (or less air upwards) with increasing camber.
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Camber also increases the post-stall drag peak at α = 90◦ but this is less surprising,

given the pressure surface is presented normal to the flow here. The concave surface of the

c/R = 0.25 aerofoil is less streamlined than the symmetrical aerofoil at this incidence.

Thickness effects cannot be judged post-stall, as the different c/H ratios of the NACA

0015 and 0018 likely have a far greater impact on results than differences between their profile

shapes.
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Chapter 6

VAWT modelling and application of

new aerofoil data to VAWT analyses

Several options are available for modelling of VAWTs, including vortex models [90] and CFD

solvers for the Navier-Stokes equations [91]. The intention here is to study start-up of the

turbines, where TSRs are low and a wide range of blade incidences are experienced. A blade

element-momentum (BEM) method has been chosen as it can handle blades operating in

separated flow without being computationally expensive, and it also allows use of the two-

dimensional aerofoil data from Ch. 5 in the analysis of turbines. This chapter describes the

BEM code developed by the author during this study.

The method is described, along with the models built into it to address secondary effects,

namely unsteady aerodynamics, blade Reynolds number effects, blade/wake interactions, flow

curvature and three-dimensional effects. Validation of the code to experiments is provided

at each step. Modelling focuses on small, straight-bladed turbines as there is a body of

experimental data available on them and they represent the bulk of commercially available

turbines.

6.1 Blade element-momentum method

BEM methods determine turbine performance by equating: the power from aerodynamic

forces on turbine aerofoils (obtained using blade element theory) and the power from forces
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arising from the rate of change of fluid momentum through the turbine (obtained using mo-

mentum theory). Originally developed for horizontal axis propellers and turbines, a number

of approaches have been taken to apply BEM theory to VAWTs.

Forces are calculated using momentum theory by taking the pressure losses across the

turbine, modelled as an actuator disk, and applying Bernoulli’s theorem. A formula for

stream-wise force can be derived [92]:

FT = 2ρA2V1
2a(1− a) (6.1)

where a is the axial induction factor, defined as:

a =
V1 − V2
V1

(6.2)

V1 is the flow velocity at entry to the streamtube, equal to the free-stream velocity V∞, V2 is

the velocity at the actuator and A2 is the cross-sectional area of the actuator, see Fig. 6.1.
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Figure 6.1: An actuator disk in a stream of velocity V1

Blade element theory determines the forces on a blade by breaking them down into narrow

strips for which local forces are calculated. Integrating theses along the length of blades gives

the total force acting on the rotor. When applying the method to VAWTs, forces must also

be integrated over the course of a full revolution of the turbine. This last step is needed as,

unlike in HAWTs, forces are not constant at a given wind speed and rotational velocity. See

Fig. 6.2 for a force and velocity diagram of a typical VAWT blade element.

In order to obtain the blade element forces, the flow velocity apparent to the blade, Vb,
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Figure 6.2: Force and velocity diagram for a VAWT blade element

and its effective incidence angle, αb, must be calculated:

Vb =
√

(ωR+ V2 cos θ)2 + (V2 sin θ)2 (6.3)

αb = arctan

(
V2 sin θ

ωR+ V2 cos θ

)
(6.4)

where θ is the azimuth angle and αb is the blade effective incidence.

Force coefficient data for aerofoil profiles are conventionally presented as lift and drag co-

efficients. These can be converted into tangential and normal coefficients using trigonometry:

Ct = Cl sinαb − Cd cosαb (6.5a)

Cn = Cl cosαb + Cd sinαb (6.5b)

The sign convention used here gives positive Ct in the direction of rotation of the turbine,

and positive Cn towards the centre of rotation. The stream-wise force on a blade element can

therefore be calculated as:

FT =
1

2
ρcVb

2(Cn sin θ − Ct cos θ) (6.6)
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where c is the blade chord. Note that this formula is given per unit of span.

The average force F̄T of the total turbine in a streamtube can be calculated from the

formula for the stream-wise force on a single blade element, by calculating the average FT in

the streamtube, considering the number of blades on the turbine and the fraction of time that

they spend in the streamtube:

F̄T =
θst
2π
N

1

2
ρc

1

θ2 − θ1

∫ θ2

θ1

Vb
2 (Cn sin θ − Ct cos θ) dθ (6.7)

where N is the number of blades. θst is the angle subtended by the sector of the rotation

contained within the streamtube, which divided by 2π gives the proportion of time spent in

the streamtube. θ1 and θ2 are the azimuths of the blade at entry and exit of the streamtube.

The blade element and momentum theories are brought together by equating Eqns (6.1)

and (6.7) for the stream-wise thrust force coefficient CT :

4a(1− a) = CT =
θst
2π

Nc

A2

[
1

θ2 − θ1

∫ θ2

θ1

(
Vb
V1

)2

(Cn sin θ − Ct cos θ) dθ

]

=
θst
2π

Nc

A2
I(θ1, θ2) (6.8)

The integration-based averaging formula contained in the square brackets can be approxi-

mated as:

I(θ1, θ2) ≈
1

n

n∑

i=1

[(
Vbi
V1

)2

(Cni sin θi − Cti cos θ)

]
(6.9)

where

θi = θ1 +
θ2 − θ1
n

(
i− 1

2

)
(6.10)

and Vbi, Cni and Cti are calculated from θi using Eqns (6.3) - (6.5). The code described in

this chapter uses this methodology.

A solution can be found to satisfy Eqns (6.3) - (6.8) by taking an iterative approach using:

a =
CT
4

+ a2 (6.11)

in the following process:

1. An initial guess of a = 0 is taken.
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2. V2 is calculated from Eqn. (6.2).

3. Vb and α are calculated from Eqns (6.3) and (6.4).

4. Cl and Cd are interpolated from published data for the calculated α (and blade Reynolds

number based on Vb and c if using variable Re blade data) and used to calculate Cn and

Ct.

5. CT is calculated from Eqn. (6.8).

6. a new guess of a is computed from Eqn. (6.11).

7. This process repeats from step 2, until acceptable convergence between new and old

values of a is reached

With convergence complete, final blade forces are obtained, allowing turbine performance

to be analysed.

6.1.1 The double-multiple streamtube model

The simplest VAWT BEM analysis, originally developed by Templin [93], models the turbine

as a single actuator disk enclosed in a single streamtube. Strickland extended Templin’s

work to a multiple streamtube approach [94]. Discretising the flow into a number of smaller

streamtubes (see Fig. 6.3b) allows the model to capture velocity variations across the turbine.

The streamtubes are not of constant width, instead the sectors of rotation between streamtube

edges are constant, maintaining a uniform spacing, ∆θ, between azimuth angles considered

in calculations.

Paraschivoiu and Delclaux further developed Strickland’s model into the double-multiple

streamtube (DMS) approach [95]. Instead of a replica of the single actuator disk used for

horizontal axis models, two actuators in an array are used to model the VAWT, effectively

splitting the analysis of the upstream and downstream passes of the turbine blades. The exit

velocity V3 of an upstream streamtube is equal to the inlet velocity V1 of the streamtube

directly downstream from it, this “middle” equilibrium velocity is denoted Ve. As well as the

assumptions made in any BEM analysis, DMS assumes that there is sufficient distance between

the actuators for Ve to develop fully, a reasonable assumption for most streamtubes, other
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Figure 6.3: VAWT streamtube and actuator arrangements, actuators shown in red

than those at θ near 0◦ or 180◦ where the upstream and downstream blade passes through

the flow are close together. Given the limited regions of the rotor affected, the assumption is

applied to all streamtubes regardless.

Since blades pass through each streamtube on each actuator once, θst = ∆θ. The area A2

can be calculated from the chosen value of ∆θ as

A2 = R

∣∣∣∣cos

(
θ − ∆θ

2

)
− cos

(
θ +

∆θ

2

)∣∣∣∣

= R

∣∣∣∣2 sin θ sin
∆θ

2

∣∣∣∣

≈ R∆θ |sin θ| (6.12)

If sufficiently small streamtubes are used, I(θ1, θ2) can be approximated at a single θ value,

giving a CT formula of the form:

CT ≈
Nc

2πR |sin θ|

(
Vb
V1

)2

(Cn sin θ − Ct cos θ) (6.13)

Analysing turbine performance

Once convergence is achieved for all streamtubes using the iterative process described in

Section 6.1, the performance of the turbines can be analysed with torque and power coefficients

(CQ and CP respectively) calculated from the converged tangential coefficients and blade
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velocities:

CQ =
Nc

V∞2RAturb

1

2π

∫ 2π

0
RCtVb

2dθ (6.14)

≈ Nc

V∞2Aturb

1

n

n∑

i=1

[
Ct(i)Vb(i)

2
]

(6.15)

CP = λCQ (6.16)

where λ is the TSR.

6.1.2 Limitations of BEM models

BEM theory is only valid for a < 0.5, Eqn. (6.2) shows that at higher induction factors

the flow at the end of a streamtube would be reversed, an obviously unrealistic result. To

account for pressure losses, e.g. due to friction, an empirical relationship can be used to allow

induction factors of up to 1, based on a fit to experimental results. Glauert first proposed

extending BEM theory for a > 0.5 [96], the later development of Sharpe [97] is used here.

The expression for the thrust coefficient, CT , given by:

CT = 4a(1− a) (6.17)

in Eqn. (6.8) is replaced by:

CT = CT1 − 4(
√
CT1 − 1)(1− a) (6.18)

where CT1 = 1.816. The modified CT is now used at step 6 of the iterative process described

in Section 6.1 for aT < a < 1, where

aT = 1− 0.5
√
CT1 (6.19)

Fig. 6.4 shows the standard BEM induction factor to CT relationship and Sharpe’s empirical

extension, alongside the experimental results on which it was based. Though the extension

allows for a smooth reduction in streamtube exit velocities up to total blockage, the turbulent

flow conditions experienced by the real turbine are complex and not well modelled. Results
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Figure 6.4: CT vs a relationship per BEM theory and Sharpe’s empirical extension

[97], and experiments on which the latter is based.

where the induction factor is above aT are therefore unlikely to be as accurate as those

returned by the code where a is lower. Instances of very heavy loading beyond the limits of

the extension, i.e. where a > 1, can be encountered. This is particularly likely to occur when

modelling turbines with high solidity, and when TSRs are high [16]. If this occurs during

the iterative process, but not at the final converged solution, it is tolerated. Where a > 1 at

convergence, results from the code are not presented.

The turbulent state tends to occur at TSRs higher than that at which turbine peak power

and torques are achieved, so it has a limited impact on the start-up process.

6.2 Unsteady aerodynamics

The mechanical simplicity of VAWTs does not extend to their aerodynamics. Blade apparent

velocity and effective incidence are functions of wind speed, rotational velocity and the blade’s

azimuth angle. This makes the apparent velocity and incidence vary with time even at a

constant wind speed and rotational velocity, meaning transient effects, such as unsteady

aerofoil behaviour, are important contributors to VAWT performance.

The reduced frequency, k, of a system is a measure of the degree to which unsteadiness

affects it and can be defined for a VAWT in terms of TSR and turbine chord-to-radius, c/R,
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ratio:

k =
1

2
λ
c

R
(6.20)

When k = 0, flow is steady and where k < 0.05 it can be considered quasi-steady and

unsteady effects neglected. For 0.05 < k < 0.2 unsteady effects are significant and beyond

this the problem is considered highly unsteady, with the effects coming to dominate aerofoil

behaviour [22].

For the “Durham” turbine in Table 6.1 (the turbine used to produce the data in Fig. 1.1),

which has a c/R ratio of 0.21 [3], this equates to a threshold of TSR = 0.48 at which a

quasi-steady analysis is no longer appropriate and TSR = 1.90 for the turbine blades to be

experiencing highly unsteady flow, putting the vast majority of the start-up ramp and peak

operating conditions in the unsteady realm. c/R ratios are similar to this wind tunnel model

for most production VAWTs.

6.2.1 Dynamic stall

At high TSRs, rotational velocities dominate the VAWT blade velocity triangle, minimising

the variation in blade relative velocity and incidence. At the low TSRs experienced during

start-up, the opposite is true, with the component due to rotation comparatively small, so

the VAWT blades experience a wide range of angles of attack. At TSRs of 2 or lower the

effective incidence well exceeds the stall angle at points in the rotation, so dynamic stall is

a key contributor to blade performance. This complex phenomenon manifests itself as large

overshoots of the lift and drag forces with respect to those that would be predicted taking

a quasi-steady approach, with significant hysteresis depending on whether the motion of the

aerofoil is causing flow to separate or reattach [22].

Most existing dynamic studies of aerofoils are based on oscillatory pitching motion about

some mean angle usually of the order of the static stall angle and provide pressure data (see

[98] for a recent review of such experiments). Where more complex combined plunging and

pitching motions have been studied, comparisons between pure pitching, pure plunging and

combination pitch and plunge, and between combination pitch and plunge about different

mean incidences is provided, showing disparities in lift hysteresis outputs for the different

modes of oscillation [99].
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VAWT blade motion is more complicated still, since it is analogous to a combined pitch,

plunge and surge about a mean angle close to zero, with significant amplitude of variation of

incidence at low TSRs, suggesting VAWT blade hysteresis will be different again to anything

available in literature. In spite of this, good results have been obtained making use of a

number of semi-empirical dynamic stall models for pitching motion, though mostly for higher

TSRs.

The most commonly used are the Gormont model [100] (also known as the Boeing-Vertol

model), first modified for use with VAWTs by Strickland et al. [90, 101], and the MIT model

[102], adapted by Noll and Hamm [103] for use in HAWTs and VAWTs. Both methods

allow for calculation of approximate dynamic blade forces from quasi-steady experimental

data, given the rate of change blade incidence and the amplitude and mean angles of the

oscillation.

Gormont’s model assumes that the slope of the static Cl-α curve and the zero lift incidence

α0 remain unchanged by dynamic effects, with just the stall angle and Cl max modified, the

linear region of the lift curve being effectively extended beyond static stall by means of a

calculated reference incidence. The MIT model delays stall to a prescribed angle of attack,

at which point forces and moments delay exponentially to static values. Noll and Ham’s

modification uses Gormont’s methods to find the prescribed dynamic stall angle.

Less common in VAWT codes is the Leishman-Beddoes [104] dynamic stall model, first

applied to VAWTs by Major and Paraschivoiu [105]. It uses an indicial method where the

aerofoil’s behaviour is represented by separate models for distinct effects that combine to

represent the complete dynamic system. Potential flow is used for the initial, quasi-steady

approximation of the aerofoil performance, then empirical formulae are used to introduce

unsteady nonlinear viscous effects. Finally, dynamic stall vortices are considered.

Several studies of the comparative merits of different dynamic stall models for VAWT

analysis have been conducted, all of which have used DMS BEM codes to model VAWT

behaviour. Paraschivoiu and Allet [31] compare the VAWT-specific models of Strickland et

al. and Noll and Ham, alongside their own adaptation of Strickland, to experimental results

for the Sandia 17 m VAWT [106]. Their adaptation disengages the dynamic stall model at

azimuths of 105◦ to 225◦ (see Fig. 6.2 for the azimuth convention used here). For the region

of the turbine power curve before peak power (of principle interest in the study of start-up),
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the performance of all three models was similar. Strickland et al. performs better than Noll

and Ham, but Paraschiciou and Allet’s own model is slightly better still, giving very close

agreement to the experiment.

Major and Paraschivoiu [105] compared their own Leishman-Beddoes approach to Strick-

land et al, Noll and Ham and the Sandia 17 m experiment. The indicial approach was found

to perform best, but is no better than the Paraschivoiu and Allet adaptation of Strickland in

the run up to peak power.

Pawsey [107] compares Strickland et al, Noll and Ham and Cardona’s modification of

Strickland to purely quasi-steady numerical results. Cardona disengages the model where

it predicts rapidly oscillating angles of attack (possibly due to numerical instabilities of the

vortex turbine model to which he applied the model) and uses an average of static and dynamic

forces where incidences are much higher than static stall. The unmodified Strickland model

gave unusual results at peak power, but as with the other comparative studies, the dynamic

stall models all have a similar effect on the BEM code output before peak power is reached.

6.2.2 Dynamic stall model of the current study

Given the similarities of modelled turbine performance with all the reference dynamic stall

models, the simplest models should be preferred, namely Strickland at al’s [101, 90] VAWT-

specific version of the Gormont [100] model and Noll and Hamm’s [103] version of the MIT

model [102]. Strickland et al. has been selected for use in this study as it is the slightly better

performer of the two in the comparative studies referenced in the previous section. Strickland

et al’s modifications to Gormont’s model comprise three elements:

• Flow is assumed to be incompressible, with all consideration of Mach numbers removed.

The model was originally developed for helicopter rotors but wind turbines operate in

far lower Mach regimes making this adaptation appropriate.

• Aerofoils are assumed to be thick. The original model contains an element based on

thickness ratio that reduces with increasing thickness, reaching zero when t/c = 0.1.

Since VAWT blades are almost always thicker than this, the element is removed entirely.

• The model is only applied when the angle of attack is above the static stall angle, or

when the angle of attack is decreasing.
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The model first requires the calculation of a reference incidence αref ,

αref = αb − γK1

√∣∣∣∣
cα̇b
2U

∣∣∣∣ (6.21)

based on the blade effective incidence αb, the reduced frequency of the incidence oscillation

cα̇b/2U , where α̇b is the rate of change of the effective blade incidence with time, and two

empirical constants, γ and K1, given by:

K1 =





1 when α̇b ≥ 0

−0.5 when α̇b < 0

(6.22)

γ =





1.4− 6(0.06− t/c) for lift force calculations

1− 2.5(0.06− t/c) for drag force and moment calculations

(6.23)

The reference angle is used to obtain lift, drag and moment from look-up tables of static

experimental data, with the required forces given by

Cl =

(
αb

αref − α0

)
Cl(αref ) (6.24)

Cd = Cd(αref ) (6.25)

Cm = Cm(αref ) (6.26)

The performance of the model has been validated at an aerofoil-level against the NACA

0012 experimental results of McCroskey et al. [108]. Tests were conducted at a range of

reduced frequencies, Reynolds numbers and Mach numbers. Those closest to the operating

conditions of VAWTs have been selected for validation here, with Re = 490 000 and M =

0.036. The static experimental results of Critzos et al. for the NACA 0012 at Re = 500 000

and M = 0.15 were used for look-ups for the dynamic stall model. See Fig. 6.5 for the results

of this comparison for normal force coefficient Cn. Sub-plots are labelled with the reduced

frequency, mean incidence αm and amplitude of incidence oscillation αa of the experiment. All

oscillations were sinusoidal. The model provides a reasonable approximation of the dynamic

stall hysteresis loops for k < 0.25, particularly where incidence is increasing. There is a
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Figure 6.5: Dynamic stall model Cn against α compared to McCroskey et al’s test

data [108] taken at Re = 490 000 and M = 0.035.

degradation in model output quality with increasing k, results at k ≈ 0.1 are closest to test

data, those at k ≈ 0.15 are less so. The performance at k = 0.253, shown in Fig. 6.5c, is not

close to the experiment for increasing or decreasing incidence. For the reference turbine used

in this study, a TSR of 1.9 equates to k = 0.2, so the majority of the start-up process occurs

at k < 0.2, making the dynamic stall model acceptable for use in the study of start-up.
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Strickland
et al. [90]

Vittecoq &
Laneville [77]

Durham
[2, 3]

Bianchini et
al. [4, 6]

Bravo et
al. [78]

Maeda et al.
[79, 80]

Chua
[5]

R 0.61 m 0.3 m 0.375 m 0.5 m/0.725 m 1.25 m 1 m 0.25 m
c 0.0914 m 0.061 m 0.083 m 0.2 m/0.22 m 0.4 m 0.265 m 0.07 m
N 2 2 3 2 / 3 3 2 / 4 3
s 1.15 m 0.6 m 0.6 m 0.9 m/1.45 m 3 m 1.2 m 0.5 m

c/R 0.150 0.203 0.221 0.400/0.303 0.320 0.265 0.280
Solidity 0.300 0.406 0.663 0.800/0.910 0.960 0.530/1.060 0.840

Profile
(NACA)

0012 0018 0018 0015 (trans-
formed)

0015 0021 0015

Note: all turbines have straight blades, except Bianchini’s helical 3-bladed turbine

Table 6.1: Summary of turbines referenced in this paper.

In order to validate the model for use in VAWT modelling, comparisons have been made

to force measurements of blades undergoing VAWT motion. Strickland et al. [90] made strain

gauge measurements of blade normal and tangential forces on a VAWT with two NACA 0012

blades. For dimensions of the turbine, see Table 6.1. Experiments were conducted in a tow

tank, with water as the working fluid to allow for reproduction of blade Reynolds numbers

at lower absolute speeds. TSRs of 2.5, 5 and 7 were used. The blades stretch almost to the

bottom of the tow tank, giving effectively two-dimensional data. Flow velocity was set so

that the minimum blade Reynolds number experienced in the runs was 40 000, in order to

make use of published data for the NACA 0012 in analysis (none was available at Reynolds

numbers lower than this).

Vittecoq and Laneville conducted similar experiments in a wind tunnel, using a turbine

with NACA 0018 blades in a wind tunnel [77]. See Table 6.1 for turbine dimensions. Experi-

ments were three-dimensional. TSR values of 2, 2.5, 3, 3.5 and 5 were used, with detailed data

presented for TSR = 2.5. Comparisons have been made between the BEM code developed

during this study and the results of the these two studies at this TSR. Given the turbine

dimensions, the reduced frequencies of the turbines are 0.187 for Strickland et al. and 0.254

for Vittecoq and Laneville. Figs 6.6 and 6.7 show results for the two studies for normal and

181



Chapter 6. VAWT modelling and application of new aerofoil data to VAWT
analyses

0 50 100 150 200 250 300 350

−20

−10

0

10

20

θ (degrees)

F
n
*

Experiment
Quasi-steady
Gormont model
Gormont model,
Cardona and Paraschiviou mods

0 50 100 150 200 250 300 350

−20

−10

0

10

20

θ (degrees)

F
n
*

Figure 6.6: Fn
∗ vs θ at TSR = 2.5, models compared to test data of (a) Strickland

et al. [90] and (b) Vittecoq and Laneville [77].

tangential F ∗, blade coefficients non-dimensionalised with the free stream velocity:

F ∗n, t = Cn, t

(
Vb
V∞

)2

(6.27)

The two studies show strong agreement for Fn
∗, with a large negative peak at around

θ = 90◦ and smaller positive peaks at 250◦ and 250◦. Ft
∗ agreement is reasonable, both

experiencing a peak at 70◦. Vittecoq and Laneville has a negative peak at 100◦ that isn’t
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Figure 6.7: Ft
∗ vs θ at TSR = 2.5, models compared to test data of (a) Strickland

et al. [90] and (b) Vittecoq and Laneville [77].

present in the Strickland data. Agreement is poor beyond 100◦, though Ft
∗ is low in both

cases in this region. All peaks in starred forces are of similar magnitude. Given the similar

reduced frequencies and blade profiles used, the similarities are expected. The differences

between Ft
∗ probably result from the difficulties associated with measuring a low force in a

rotating experiment where noise could easily approach the order of the measured force and

centrifugal forces are likely to be far higher, as well as the differences in behaviour expected

between NACA 0015 and 0018 profile blades.
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When simulating the studies, flow velocities have been chosen so that blade Reynolds

numbers are approximately equal to the original experiments. When modelling turbines with

NACA 0018 blades, experimental data for that section from Ch. 5 is used, while those for

NACA 0012-bladed turbines use data for the NACA 0015. Figs 6.6 and 6.7 show simulations

based on:

• A quasi-steady approach (with blade Reynolds number effects considered, see Sec-

tion 6.3.)

• With dynamic stall modelled using Gormont (after Strickland et al. [101, 90]) and

attached flow unsteady effects using Gormont, see Section 6.2.3.

• With dynamic stall modelled using Gormont (after Strickland et al. [101, 90]), with

the aforementioned modifications of Cardona [107] and Parachiviou and Allet [31] and

attached flow unsteady effects using Gormont.

The blade of the quasi-steady simulations stalls at an azimuth around 40◦ (note the drop

in tangential forces at this point in Fig. 6.7), where the effective blade incidence is 10◦ to 11◦,

the static stall angle of for the local Reb. In the experimental results, this stall is delayed to

an azimuth of 70◦, where the effective blade incidence is 17◦, well beyond static stall for either

the NACA 0015 or 0018 at the local Reb, suggesting dynamic stall has a significant impact

on the turbines’ performance.

Strickland et al’s version of the Gormont model reproduces trends in the tangential and

normal forces well, other than a superfluous peak in both at θ = 220◦. These peaks are also

present in Pawsey’s simulations using this model [109]. Normal force magnitude is reason-

able, though the model leads experiments by 20◦ − 30◦. Tangential forces are approximately

in phase, but modelled output is three times larger than the experimental measurements.

Pawsey’s [109] and Strickland et al’s own modelling [90] give similar results to the current

model. Much better agreement is given at TSRs of 5 and 7 but these are of limited use to

the current start-up focused study.

Cardona developed his model, which calculates results with and without dynamic stall then

averages the two [107], in order to better match Strickland et al’s experimental results. It gives

much better performance for Ft
∗, with magnitudes close to experiments. The modification
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has been adopted as tangential forces are of primary importance to turbine performance and

Fn
∗ accuracy is not negatively impacted.

Parachiviou and Allet turn off the dynamic stall model at azimuths of 105◦ to 225◦ [31],

in an effort to model the effects of blade/wake interactions in this region of the rotation,

see Section 6.4 for more on this. The modification is used here as the quasi-steady models

outperform the dynamic stall simulations in the identified range of azimuths.

The model combining both modifications gives better force reproduction than Strickland

et al’s Gormont model, but normal forces are still out of phase and the tangential forces in the

downstream half of the rotor (180◦ < θ < 360◦) are not well reproduced. For a semi-empirical

dynamic stall model, based on a basic aerofoil pitching motion, the agreement is acceptable.

Ideally, results at lower TSRs should be used for code validation for the purposes of a

study into start-up. To the best of the author’s knowledge, the only such data available is

that of Maeda et al. [79, 80]. Their studies are discussed and validated against in Section 6.5,

where modelling of virtual incidence and camber is built into the code.

6.2.3 Attached flow unsteady aerodynamics

In the absence of dynamic stall, unsteady effects manifest due to circulatory components

(unsteady wake circulation) and non-circulatory “added mass” components resulting from

fluid inertia. The original Gormont model [100] includes formulae based on Theodorsen [110]

to take account of added mass and unsteady pitching effects, derived using a potential flow

analysis. These are given in terms of an equivalent incidence αequ and ᾱ, reproduced below

with the original elements concerning blade coning and heaving omitted:

αequ = αb +

[
F − c

(
3

4
− PA

)
Gω

V∞

]
+ arctan

{[
c

(
3

4
− PA

)
F +

GV∞
ω

]
α̇

V

}
(6.28)

ᾱ =
c

4

[
α̇

V∞
−
(
PA− 1

2

)
α̈

c

V∞2

]
(6.29)

where F is Theodorsen’s lift deficiency factor, G is Theodorsen’s phase lag factor, PA is the

dimensionless pitch axis (the quarter chord here) and α̈ is the second derivative of incidence

with time. F and G are functions of k, shown in Fig. 6.8.

The formulae are implemented by altering the dynamic stall equations Eqns (6.24) and
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Figure 6.8: Theodorsen’s F and G functions against k

(6.26) as follows (Eqn. (6.25) for drag remains unchanged):

Cl =

(
αequ + ᾱ

αref − α0

)
Cl(αref ) (6.30)

Cm PA = Cm(αref ) +

(
PA− 1

4

)
Cd sinαb (6.31)

+

([
αequ

(
PA− 1

4

)
+ ᾱ

(
PA− 3

4

)]
cosαb

αref − α0

)
Cl(αref )− π

8

(
PA− 3

8

)
α̈
c2

V∞2

Theodorsen’s formulae are included in the BEM model of this study, with F and G imple-

mented using an iteration from a look-up table. They have a minimal impact on the results of

Figs 6.6 and 6.7. Code output is similar regardless of whether or not attached flow unsteady

effects are switched on or off, but they can have more significant effects at higher k.
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6.3 Blade Reynolds number effects

Due to the vertical axis of rotation, VAWT blades experience a wide range of Reynolds

numbers even when the turbine is operating at a steady TSR. Blade apparent velocities

are higher as the blade is moving into the wind and lower as it moves away. For example,

in Sheldahl et al’s experiment considered in this section, the turbine blades are experiencing

Reynolds numbers of 40 000 - 110 000. The BEM code considers blade Reynolds number effects

by performing a two-dimensional iteration for the lift and drag data from Chaper 5, based on

incidence and Reynolds number, at step 4 of the iterative process described in Section 6.1.

Data for Re = 20 000 is not used due to its low accuracy. Lift and drag coefficients of zero at

Re = 0 are included in the look-up data.

Figs 6.9 and 6.10 are presented to demonstrate the importance of proper blade Reynolds

number consideration. The output of the BEM code from Figs 6.6 and 6.7 is included along

with experimental results. Also plotted is the output of the code with the variable Reynolds

number model turned off, with a fixed Reb of 80 000 applied (the approximate mean Reb of

the experiments). In the regions where the variable Reynolds number is close to the mean,

at 90◦ < θ < 150◦ and 230◦ < θ < 290◦ where the blade is travelling across the flow, there

is limited impact on model output. Differences manifest at azimuths near 0◦ of 180◦ where

Reb is furthest from the mean, or where the modelled output it reliant on heavily Reynolds

number-dependent attached flow quasi-steady data, at 50◦ < θ < 90◦ and 290◦ < θ < 340◦.

It is perhaps surprising that the peaks in F ∗n, t in the first quadrant of the rotation are

higher at the fixed Reb, given that variable Reb is higher than 80 000 here, and aerofoil perfor-

mance generally improves with higher Reynolds number. This behaviour can be explained by

examining some inputs and workings of the code, namely the dynamic stall αref (defined in

Eqn. (6.21)) and the underlying quasi-static lift data for the NACA 0015 and 0018, presented

in Figs 5.3 and 5.13. At 50◦ < θ < 90◦, the code outputs 0◦ < αref < 9◦. In this region of

incidences, drag coefficient decreases with increasing Reynolds number as expected. Due to

the effects of the laminar separation bubble (see Section 5.2.3), lift coefficient also decreases

with increasing Reynolds number, explaining the higher peaks in normal and tangental forces

at the lower fixed Reb.

The variable Reb peaks are further from the experiment for than the fixed for F ∗n but are
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Figure 6.9: Fn
∗ vs θ at TSR = 2.5, models with and without variable Reb, compared

to test data of (a) Strickland et al. [90] and (b) Vittecoq and Laneville [77].

closer for F ∗t , and the variable results are smoother at 100◦ < θ < 360◦. For these reasons,

variable Reb are used in the final version of the BEM code.

6.4 Blade-wake interactions

Blade-wake interactions occur in VAWTs, with blades on the downstream half of the rotation

encountering the wakes of those on the upstream half of the rotation. At certain TSRs
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Figure 6.10: Ft
∗ vs θ at TSR = 2.5, models with and without variable Reb, com-

pared to test data of (a) Strickland et al. [90] and (b) Vittecoq and Laneville [77].

these interactions have a more significant impact than others, the range of 0.5>TSR>1.6 sees

particularly extensive blade-wake interactions [23], a region of TSRs key to start-up. Some

work has been conducted on blade-wake interactions by the author, making comparisons

between a code that captures their influence (a discontinuous-Galerkin solver for the Navier

Stokes equations) and one that doesn’t (a simplified quasi-steady version of the BEM code

described in this chapter) [111]. This work suggests blade-wake interactions are prevalent at

azimuths of 150◦ to 190◦ at TSR = 1.
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The final version of the BEM code gives some consideration to blade-wake interactions

through the use of the aforementioned Paraschivoiu and Allet [31] modification to the dynamic

stall model, turning off the model at certain azimuths. The modification was developed in

response to results of a dye release experiment in a water channel [112], which identified

105◦ < θ < 225◦ as a turbulent region of the rotation, resulting from wakes of blades passing

through lower azimuths. This turbulence delays the onset of dynamic stall, so a quasi-steady

approach is used instead in the identified azimuth range. The similarities of the azimuth

ranges identified by Paraschivoiu and Allet [31] and in the development of the discontinuous-

Galerkin solver used in this study [23], and the better agreement to experimental blade forces

in Figs 6.6 and 6.7 of the quasi-steady model in the identified range, support the adoption of

the modification in the BEM code.

6.5 Migliore’s virtual camber and incidence effects

Flow curvature has been demonstrated to have a large impact on small Darrieus turbine

performance. These effects, caused by the curved paths that VAWT blades follow in operation,

were first proposed by Migliore et al. [24]. They manifest in a virtual blade camber and

incidence, giving blade performance characteristics analogous to those of a cambered blade at

incidence in a rectilinear flow. Migliore never went beyond his theoretical approach to verify

his proposals experimentally. Several studies have reassessed the theory numerically, including

Cardoa’s aformention study which yielded the dynamic stall model used in this study [107].

Recent work by Bianchini et al. has attempted to address the problem experimentally, using a

turbine with NACA 0015 profiles transformed after Migliore [4, 6], see Section 4.2.2 for more

on the transform applied to the blade shapes and Table 6.1 for more on Bianchini’s turbine.

The NACA 0018 and the two cambered aerofoils based on it presented in Ch. 5 were

tested to enable assessment of Migliore’s theory. This section contains that assessment, using

data obtained from the aerofoils and the author’s own BEM model described in this chapter.

Results are then given from a collaborative project with Bianchini’s team at the University of

Florence using data from the aerofoils with BEM and CFD modelling techniques developed

by the Italian team.
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6.5.1 Imperial BEM code results

Vittecoq and Laneville’s turbine has NACA 0018 blades and c/R = 0.203. Following Migliore’s

theory for a turbine with this c/R, a blade mounted at the quarter chord will have virtual

incidence of 2.908◦ and a maximum virtual camber of 2.53% at 50% of chord. To model

the turbine with available experimental data, the appropriate incidence has been used. The

NACA 0018 transform with camber applied to replicate the virtual blade in a turbine with

c/R = 0.25 is the nearest match to the virtual camber. The aerofoil has a maximum camber

of 3.11% at 50% of chord.

Fig. 6.11 shows the output of the code and experiment as presented previously, alongside

results using the cambered blade at incidence. The most notable improvement is to the phase

alignment of the model and experiment, with a narrowing of the gap in azimuth between

modelled and experimental peaks and troughs in blade forces. Modelled F ∗t peaks are also

reduced and are closer to the experimental values. At azimuths above 180◦ performance of

the virtual aerofoil is worse than for the physically matched blade profile. For F ∗n the phase

shift is the only significant impact of the virtual camber and incidence.

Maeda et al. took pressure readings from a tapped VAWT blade tested in a wind tunnel.

Blade forces are calculated from the pressures, measured at 32 points around the blade. They

provide tangential forces from a two-bladed turbine at TSRs of 1.38, 2.19 and 2.58 [79] and

tangential and normal forces from a four-bladed turbine at TSRs of 1.01, 1.68 and 2.03 [80].

In both studies, the turbine uses NACA 0021 blades, with c/R = 0.265 (see Table 6.1). The

virtual blade of their turbine would have a maximum camber of 3.30% at 50% of chord and

an incidence 3.796◦.

Accuracy of the experimental data may be limited due to the method of measurement,

particularly for tangential forces, and the static stall of a NACA 0021 occurs at higher in-

cidence and with larger Cl max than the 0015 or 0018, but qualitatively it is still useful and

allows assessment of the code’s performance at TSR < 2.5. Results of the first of their two

studies (the two-bladed turbine study) show poor agreement to Strickland et al. and Vittecoq

and Laneville at the comparable TSR of 2.58, with F ∗t peak in the upstream half of the rota-

tion being double that of the other studies. Their later study shows much stronger agreement

to the literature and provides both normal and tangential forces. Only results of validation
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Figure 6.11: (a) Fn
∗ and (b) Ft

∗ vs θ at TSR = 2.5, models with and without virtual

camber and incidence effects, compared to test data of Vittecoq and Laneville [77].

against the later study are presented here, in Fig. 6.12.

The blades of their VAWT are set with an incidence of 8◦ from the tangent to their

circumference of rotation as this produced better turbine power readings. Blades have been

set at an incidence of 8◦ in the BEM model and the c/R = 0.25 NACA 0018 blade is used to

approximate the 0021 with virtual camber.

There is a general underestimation of forces at the peaks in the upstream half of the

rotation. The code is also out of phase by around 20◦ of azimuth. The BEM code should
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Figure 6.12: (a) Fn
∗ and (b) Ft

∗ vs θ at various TSRs compared to test data of

Maeda et al. [80].

have been run with 11.796◦ of incidence (8◦ physical incidence plus 3.796◦ virtual incidence)

but this induced heavy loading at TSR = 2.03 rendering the BEM output unreliable. The

lack of the virtual incidence is the cause of the modelled phase lead.

Trends between the experimental results are well captured by the code, with lower F ∗t

peaks and smoother stalls the higher the TSR. The lowest TSR leads the others and has a

sharper, earlier stall at θ = 100◦. F ∗n peaks increase with increasing TSR. As with Vittecoq

and Laneville in Fig. 6.11, blade performance is poorly modelled in the the second half of the
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rotation. Note that Maeda et al’s turbine extracts very little energy in the downstream half

of the rotation due to its very high solidity of 1.06. Given that measured tangential forces are

also low in the second half of the rotation for the studies of Strickland et al. and Vittecoq

and Laneville, it may be best to set them equal to zero at θ > 180◦ in the BEM code.

6.5.2 Collaborative project with the University of Florence

The collaborating team from the University of Florence have been conducting research on

Migliore et al’s theory for a number of years. Initial work compared BEM output, using

polars for symmetrical aerofoils and cambered aerofoils, to experimental turbine data [4, 6].

The blades use a profile based on the NACA 0015, transformed for the turbine’s c/R of

0.4. The cambered aerofoil polars were taken from literature and give only an approximate

representation of virtual camber effects. Later, a technique was developed to find the effective

incidence of VAWT blades in CFD simulations [113]. This allowed plots of aerofoil lift and

drag against incidence to be processed from the simulations. CFD results for a turbine with

virtually cambered blades were compared to experimental results for a symmetrical NACA

0018 from literature.

The collaborative project takes a new approach to the problem. The transforms of the

NACA 0018 presented in Ch. 5, for turbines with c/R of 0.114 or 0.25, were custom-built for

the purposes of the study. The NACA 0018 was chosen as it is commonly used in VAWT

research, while the c/R ratios of the transformed aerofoils were chosen for comparability to

those used in Migliore’s original paper of 0.114 and 0.26 [24]. The larger c/R ratio was

modified slightly based on the turbines in Table 6.1 to improve the applicability of the data

to analysis of their performance (The average c/R of the Vittecoq and Laneville, Durham,

Bravo and Maeda turbines is 0.25). The aerofoil with c/R of 0.114 has a maximum camber

of 1.42% at 50% of chord, while the c/R of 0.25 has 3.11% maximum camber at 50% of chord

as before.

Based on Migliore’s proposal, in the rectilinear flow of the wind tunnel experiments the

transformed aerofoils should perform as the unmodified NACA 0018 would in VAWTs with

similar c/R ratios and conversely the NACA 0018 tunnel results should be similar to those of

the transformed aerofoils when used in VAWTs with concave surface towards the axis. For

the VAWT blade force data, CFD simulations have been conducted at several TSRs using
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ANSYS Fluent. Results for TSRs of 2.1 and 3.1 are reproduced here. Forces calculated have

been processed into plots of lift and drag against effective incidence using the aforementioned

technique [113].

The effective incidence calculation is documented in the publications arising from the

collaboration [114, 115, 116] and described briefly below:

• Pressure distributions for the VAWT blades are obtained from CFD simulations and

normalised so that −1 < Cp < 1.

• Similar normalised distributions are obtained for a range of incidences using XFOIL.

• Comparisons are made between the XFOIL pressure distributions and the Fluent output.

The incidence of the most similar XFOIL distribution is taken as the effective blade

incidence of the CFD.

Due to the reliance on XFOIL’s panel method, the technique is limited to conditions where

the effective blade incidence is below the static stall angle. Where a symmetrical blade is

used in the CFD, its virtually cambered equivalent must be used in XFOIL, and vice-versa.

Fig. 6.13 shows results for the comparisons, demonstrating that matching to virtual equivalent

is necessary, suggesting that Migliore et al’s theory is correct. The incidences calculated using

the comparisons are displayed on each sub-figure. It should be noted that since the calculation

works from a starting point of the CFD VAWT output, the incidences produced by it are

inclusive of any virtual incidence effects. Thus, different incidences are calculated at different

c/R ratios for the same aerofoil, in spite of TSR and azimuth being the same.

Fig. 6.14 contains experimental lift coefficient data from Ch. 5 for the NACA 0018 and

the two transforms of it. Overlaid on the plots is the reconstructed Cl vs. incidence data ex-

tracted from the turbine CFD simulations. As with the pressure distributions, there is a clear

correlation between blades and their virtual equivalents rather than between geometrically

identical profiles. The agreements are equally good at both of the TSRs simulated.

Fig. 6.15 shows turbine power curves output from Fluent and from the University of

Florence VARDAR BEM code. For the c/R = 0.25 case, once again, good agreement between

the CFD and the BEM code requires pairing of blades with virtual equivalents. For the

c/R = 0.114 case, camber appears to have little impact on either simulation, with the outputs

195



Chapter 6. VAWT modelling and application of new aerofoil data to VAWT
analyses

Figure 6.13: Pressure distribution comparisons between XFOIL and Fluent outputs

at θ = 32.8◦.

nearly identical regardless of blade shape, suggesting that virtual camber is relevant where

c/R is high, but is less important for lower c/R turbines.

6.6 Three-dimensional effects

The BEM code iterative process of Section 6.1 is performed as a two-dimensional simulation.

The blade force against azimuth plots presented in Sections 6.5 - 6.2.1 are two-dimensional,

as most of the studies used for validation are also two-dimensional. When modelling the

performance of a real turbine, consideration of three-dimensional effects must be built into

the code.

The laminar separation bubble that affects attached flow performance of aerofoils at low

Reynolds numbers has a less significant impact on finite wings, see Section 5.2.3. No adjust-

ments have been made for this, potentially impacting on performance at high TSRs where

attached flow blade performance dominates, but having a minimal impact on the start-up
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Figure 6.14: Cl vs. incidence - reconstructed results from Fluent VAWT simula-

tions compared to aerofoil experiment: (a) c/R = 0.114 Trans. expt. NACA 0018

CFD (b) c/R = 0.114 NACA 0018 expt. trans. CFD (c) c/R = 0.25 Trans. expt.

NACA 0018 CFD (d) c/R = 0.25 NACA 0018 expt. trans. CFD.

process.

6.6.1 Finite blade effects

The wing tips of finite blades induce span-wise flow along the blades, and a downwash compo-

nent perpendicular to the local flow velocity. The span-wise flow can be modelled by applying

a streamtube expansion model to the BEM code. The effects of the flow are only significant

neat to the blade tips and have a limited impact on full blade performance. They have been

neglected in the code.

Downwash has been considered using Lanchester-Prandtl lifting line theory and assuming
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Figure 6.15: Turbine power curves from Fluent simulations and the University of

Florence BEM code: (a) c/R = 0.114, (b) c/R = 0.25.

an elliptic lift distribution, adjusting blade lift and drag as follows:

Cl 3D = Cl∞/
(

1 +
a0
πA

)
(6.32)

Cd 3D = Cd∞ +
Cl 3D

2

πA
(6.33)

where a0 is the attached flow lift curve slope, approximated as:

a0 = 1.8π

(
1 + 0.8

t

c

)
(6.34)
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The classical theory does not correct drag well at high incidences. At an effective incidence

of 90◦, Cl = 0 so the three-dimensional drag is equal to the two-dimensional aerofoil, a clearly

unrealistic result. Viterna and Corrigan provide a formula for maximum drag coefficient at

90◦ [40] based on results of a number of experimental studies from Hoerner [74]:

CdMAX 3D = 1.11 + 0.18A (6.35)

Eqns (6.33) and (6.35) have combined into a new drag correction:

Cd 3D = Cd∞
CdMAX 3D

CdMAX∞
+
Cl 3D

2

πA
(6.36)

CdMAX∞ is obtained from an iteration between blade Reynolds number and drag at 90◦.

Lifting line theory also provides a correction to incidence:

α3D = α2D −
Cl 3D
πA

(6.37)

The BEM code calculates incidence during the iterative process, before application of the dy-

namic stall model. A retroactive correction to incidence after this is challenging to implement.

For a turbine with blade aspect ratio of 12 (towards the low end for the turbines in Table 6.1),

the maximum adjustment to incidence is 2◦. The effects on lift and drag of a 2◦ difference in

incidence are much smaller than that of other inconstancies in the code (for example, the use

of a simple semi-empirical dynamic stall model, the lack of proper consideration of wakes), so

the lifting line incidence adjustment has been omitted from the code.

6.6.2 Stall smoothing

Finite wings undergo a less sharp stall than infinite aerofoils [117]. Lifting-line corrections

do not provide a shallowing of stall. This has been provided for by smoothing the stall in

the underlying aerofoil data. The simple procedure used omits lift and drag data for 5◦ after

stall, see Fig. 6.16 for a set of smoothed lift and drag coefficients. For asymmetric blades, the

process is only applied to the stall at positive incidence.

The stall smoothing is also used in the two-dimensional results presented in this chapter.

The sudden changes in blade behaviour resulting from aerofoil stall gives inconsistencies in
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Figure 6.16: Cl and Cd vs α for the NACA 0018, c/R = 0.25 aerofoil at Re =

200 000 with smoothed stall.

turbine performance. Where neighbouring streamtubes have very different induction factors

(resulting from the sudden change in blade forces), blade incidence changes rapidly between

them also. The dynamic stall model predicts very high blade forces where incidence is cal-

culated to change at a very high rate, further exacerbating the problem. Smoothing stall

removed this behaviour from the code.

6.7 Full turbine modelling

In summary, the BEM code uses a DMS approach, with smoothing of stall applied to input

aerofoil coefficient data and variable blade Reynolds numbers used in the iterative process.

Gormont’s dynamic stall model is applied with the modifications of Strickland, Cardona

and Paraschivoiu and Allet. Modifications to account for Migliore’s virtual camber can be

implemented by changing the input aerofoil data and setting a different fixed blade incidence.

6.7.1 Parasitic drag

The resistive torque due to the parasitic drag of turbine blade supporting struts is estimated

using the method of Paraschivoiu [118]. The torque is approximated to act at the centre

point of the strut, at R/2, with the whole strut experiencing the same relative velocity. The
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velocity is approximated as the rotational velocity at the strut centre point, ωR/2. Resistive

torque is then given as

Tres =
1

8
Cd strutρω

2cstrutR
4 (6.38)

where cstrut is the chord of the strut and Cd strut is its drag coefficient.

6.7.2 Power and torque modelling

Of the studies listed in Table 6.1, only those of Bianchini et al. [4, 6], Bravo et al. [78]

and Maeda et al. [79, 80] provide plots of torque or power against TSR. Bianchini et al.

provide data from a two turbines, one with two straight blades and another with three helical

blades [4, 6], both using NACA 0015 profiles transformed after Migliore (see Section 6.5).

Their power data is given in a non-standard form due to a non-disclosure agreement with

the turbine’s manufacturer, making it unusable for code validation. The very high solidity

of Maeda et al’s four-bladed turbine makes modelling full turbine performance with a BEM

code impossible at all but very low TSRs, making it too unsuitable. Their two-bladed turbine

is suitable for modelling.

Bravo’s turbine has comparatively large blades for its size, giving a high c/R of 0.32 and

with three blades it also has a high solidity of 0.96. These features make it a less than ideal

candidate for modelling with a BEM code. The study was however the only source the author

could find providing experimental Cp data from a straight-bladed VAWT with symmetrical

NACA 0015 or 0018 blades. Data is also provided down to a TSR of 0.3, making it ideal for a

study of start-up. Most studies give field or wind tunnel data on troposkein-shaped turbines,

with Cp figures rarely provided for TSR < 1.5, see for example work on a variety of turbine

sizes by Sandia [119, 120, 121] and the Canadian National Research Council [93].

Fig. 6.17 contains Cp against TSR from the study, taken at free stream velocities of 6,

8 and 10 m/s, alongside BEM code output. Due to the large chord of the blades on the

turbine, even when simulating the 6 m/s experiment the upper Reynolds number limits of the

experiments from Ch. 5 were reached at low TSRs, rendering minimal differences between the

modelled output regardless of the free stream velocity.

The turbine has NACA 0015 blades. In comparing between modelled F ∗n,t against azimuth

plots for the NACA 0018, the NACA 0018 and the two transformed NACA 0018s, it was found
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Figure 6.17: Cp vs TSR compared to the test data of Bravo et al. [78].

that differences between the NACA 0015 and the three 18% thick aerofoils were far greater

than those between the thicker aerofoils. It was therefore decided to model the effects of

virtual camber and incidence by applying the calculated virtual incidence of 4.58◦ to turbine

blades, using experimental results for the uncambered NACA 0015.

Initial modelling yielded results far lower than the experiments, CpMAX < 0.05 at a TSR

of just over one and the TSRs at the upper end of the performance envelope below two. In

Section 6.5.1 the code has been shown to predict large negative torques in the upstream half of

the rotation at low TSRs, when high solidity turbines produce very little torque here, negative

or otherwise. Due to the high solidity of the Bravo et al. turbine it was decided to set blade

forces of zero at θ > 180◦. The modelled results shown in Fig. 6.17 all use this methodology.

The quasi-steady output shares few similarities with the experimental output, highlighting

the importance of proper consideration of dynamic effects. The output with consideration of
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dynamic stall gives a much better alignment for the performance envelope and the TSRs

at which CpMAX occurs. Power coefficient itself is around 50% of the experiment. This is

likely due in part to the underestimation of blade forces in the upstream half of rotation at

low TSRs that can be seen in Fig. 6.12. A lack of experimental data at sufficiently high

Reynolds numbers to model performance accurately at a TSR of 1.6 also contributes. The

overestimation of tangential forces at a TSR of 2.5 seen in Figs 6.10-6.11 is reflected in the

code producing higher Cp than the experiment at λ > 2.05. At TSRs above 2.2 the turbine

was too heavily loaded for the BEM analysis to be applicable.

At low TSRs, the dynamic stall code overestimates the experiment and fails to predict

the low torques evident in the plots of TSR with time presented in Ch. 1. Since where

k < 0.05 a problem can be considered quasi-steady and unsteady effects neglected [22] and

the quasi-steady code does produce the expected low torques and powers where k is low, a

k-dependent dynamic stall code has been developed, also shown in Fig. 6.17. For k < 0.05

the quasi-steady results are used. For 0.05 < k < 0.2, there is a gradual transition between

quasi-steady and dynamic models and at k > 0.02, where the problem is considered highly

unsteady only the dynamic model is applied. This gives results that qualitatively match the

real performance of the turbine at all TSRs below 2.05, though results throughout are around

50% of the experiment.

Fig. 6.18 shows results for Maeda et al’s two-bladed turbine, alongside the same model

outputs as those provided for Bravo et al. The NACA 0021 blades with c/R of 0.265, mounted

with a fixed incidence of 6◦. The modelled turbine uses experimental data for the NACA 0018

blade with c/R = 0.25. Incidence is set at 9.796◦, the 6◦ fixed incidence plus 3.796◦ virtual

incidence calculated for the turbine. Again, the k-dependent code provides a reasonable

qualitative match to the performance of the real turbine but results are around half that of

the experiment. The dip in the Cp curve between TSRs of 1.5 and 2 results from the dynamic

stall model. At these TSRs the blade effective incidence limits are just beyond the static stall

angle. The dynamic stall model is switched on when incidence is increasing and above the

static stall, or when incidence is decreasing, per Strickland’s version of the Gormont model, see

Section 6.2.2. This provides only a small extension to the attached flow regime as incidence is

increasing, but a much larger increase in detached flow when incidence is decreasing, resulting

in reduced torques [109]. It is not present in the modelling of Bravo et al. as the higher
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Figure 6.18: Cp vs TSR compared to the test data of Maeda et al. [79].

solidity of the turbine results in a peak Cp occurring at a TSR below the dynamic-stall model

induced dip (which would occur at higher TSRs due to the lower static stall of the NACA

0015 compared the NACA 0018, c/R = 0.25).

6.7.3 Start-up modelling

A time-dependent extension to the BEM code has been developed to enable reproduction of

plots of TSR against time. The code is run over a range of TSRs for the given flow velocity,

writing a torque map to memory as it goes, a matrix of blade torques based on azimuth and

TSR. The time-dependent extension works by calculating a turbine acceleration by iterating

blade torques from this map based on their azimuthal position and the TSR at a given time

step.

Fig. 6.19 shows modelled turbine acceleration for the Durham turbine (see Table 6.1)

alongside the author’s earlier experimental results using the same turbine [3]. Modelling used

the techniques established in the previous section, with blade forces in the downstream half
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Figure 6.19: TSR development with time for the Durham turbine compared to the

author’s earlier experiments [3].

of the rotation set to zero, and a quasi-static approach used for k < 0.05. The turbine has

three NACA 0018 blades and c/R = 0.221, approximated using the NACA 0018, c/R = 0.25

aerofoil data, with virtual incidence of 3.17◦.

The modelled output matches the trends of the experiment well, the correlation of the

lower free stream velocities is particularly good. For the higher free steam velocity, the

final TSR attained is higher for the model. The overestimation of blade torques at λ & 2

established in Section 6.5.1 pushes the final equilibrium state to a higher TSR. It takes less

time for the model to accelerate the turbine to this final TSR. As well as the uncertainties

of the blade modelling, the acceleration model relies on inputs of turbine rotor mass, rotor

arm drag coefficients and bearing resistance. These variables have been estimated data rather

than measured directly, affecting the accuracy of the solution.

Importantly, the model replicates the different accelerations patterns of the experiment

dependent on wind speed and so can help in drawing conclusions as to the mechanisms
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behind the behaviour. The question of whether or not a turbine will self-start is probably

not dependant on dynamic effects. For the Durham turbine, divergence between the self-

starting and non-self-starting acceleration paths occurs at a TSR of 0.45-0.65 (experiment)

and 0.40-0.45 (modelled), equivalent to k of 0.05-0.07 (experiment) and 0.044-0.05 (modelled)

where dynamic effects will be weak and the underlying quasi-steady behaviour of the blades

still dominates [22]. In the model, dynamic effects are gradually introduced in the interval

0.05 < k < 0.2 so will be minimal where the accelerations diverge. However, given the very

low torque generation during the idling phase, a minimal absolute impact could be significant

in relative terms.

It is also doubtful that post-stall blade performance is responsible for the divergence.

Results presented in Figs 5.24-5.27 show minimal variation between the post-stall results for

the NACA 0018, c/R = 0.25 blade. Since λ < 1 at the point of divergence, a full range of

effective incidences between −180◦ to +180◦ are experienced by the blade over the course of

a rotation. Fig. 6.20 shows maxima and minima of blade incidence for the two model runs.

Comparing with Fig. 6.19, it can be seen that the turbine in the higher speed flow starts its

acceleration past the long period of idling at around 100 seconds but the incidence range only

starts to change after 120 seconds, and before this point incidence maxima and minima are

identical for the two runs. It is therefore unlikely that self start is caused by a narrowing of

the incidence range to a region where blades perform better.

It seems instead that blade Reynolds number effects are the key contributor to the the self-

start process at these low TSRs. Fig. 6.21 shows mean, maximum and minimum Reynolds

numbers against time for the start-up process. The y-axis is marked with the Reynolds

numbers at which the NACA 0018, c/R = 0.25 was tested. It can be seen that turbine blades

experience a mean Reynolds number of approximately 53 000 at 11 m/s and 58 000 at 12

m/s. In Fig. 5.31 it can be seen that aerofoil behaviour changes significantly at Re = 60 000.

At this Reynolds number and lower, there is no region of incidences where flow is attached.

Attached flow brings with it higher lift and lower drag and so better blade performance.

The blade Reynolds number minima are near identical for the two runs throughout the

idling phase, but the maxima are different, the lower run at around 77 000, the higher 86 000-

88 000. Experimental results for the aerofoil at Re = 80 000 have more extensive regions

of attached flow than at 60 000. It is proposed that in flows above a certain limit, during
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Figure 6.20: Modelled αb development with time for the Durham turbine.
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the idling phase, the turbine blades experience attached flow sufficient to marginally improve

rotational velocity, so that on the next cycle, slightly more attached flow is experienced,

producing a slow but steady acceleration. At a certain TSR, Reynolds numbers are high

enough for attached flows to be extensive and the blade performance becomes good enough

to accelerate the turbine rapidly to its highest equilibrium state. In flows below the limit,

the blades never experience regions of attached flow sufficient to slowly accelerate the turbine

through the idling phase.

At the diverging TSR of 0.45, torques are very low in either flow condition, Fig. 6.22

shows a zoomed in view of CT against TSR in this region. For the 11 m/s flow, CT dips below

zero, so the turbine is unable to accelerate past this point, the model replicating the so-called

torque “dead band” successfully [1].

The model flow velocities are double that of the experiments. The better performance at

lower speeds by the real turbine could be related to inconsistencies and approximations in

the model, particularly the underestimation of blade torques at λ . 2, as well as phenomena

the code does not attempt to address. Roughness on the surfaces of the turbine blades, or

turbulence in the real flow around the turbine would give blade performance analogous to that

at higher Reynolds numbers. Finite blades are less affected by laminar separation bubbles

that dictate flow attachment or lack thereof at low Reynolds numbers.
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In spite of these differences between the experiment and model, the conclusions drawn

from the model appear sound. Reynolds number effects being largely responsibly for different

turbine acceleration patterns in different wind speeds also explains why turbines that are

accelerated through the dead-band by artificial means are capable of sustaining high TSRs

under their own power once their blades have attained a certain key speed [19].

209



Chapter 7

Research achievements

This chapter provides a summary of the research achievements of the study, along with sug-

gestions for further work. It is broken into two sections covering the major contributions

made, first on the high-quality post-stall aerofoil data produced and the new techniques used

to obtain it, the second on the explanation of VAWT self-start behaviour, achieved through

BEM modelling using the new aerofoil data. These are followed by an impact assessment on

the findings of the research.

7.1 The provision of a highly accurate set of post-stall aerofoil

data

A new, highly accurate set of post-stall data has been provided for the NACA 0015 aero-

foil, tested at incidences of 0◦ ≤ α ≤ 180◦. The method used to provide the new data is

demonstrated to be more reliable than current best practice. Blockage reduction, identified

in this study as the major source of inconstancies between post-stall studies in the literature,

is better than can be achieved using conventional solid-walled wind tunnels and blockage

corrections. The method itself is a contribution, with the passive, blockage-tolerant tunnel

design of Parkinson used for the testing of deeply stalled aerofoils for the first time. The

test section has two solid walls, between which the test aerofoil is mounted, and two slatted

walls, opposite the pressure and suction surfaces of the test aerofoil (when the aerofoil is at

moderate incidence).
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Five different-sized NACA 0015 aerofoils, with c/H ratios of 0.1, 0.15, 0.2, 0.25 and 0.3,

were tested in the blockage tolerant tunnel and a solid-walled tunnel to assess the blockage

reduction of the tolerant tunnel and blockage corrections. When tested at the same Reynolds

number, force, pressure and moment coefficients for the five aerofoils should ideally be iden-

tical, as they would be in free air. As such, performance of the tunnels was assessed using

a regression analysis to measure the consistency of force, pressure and moment coefficient

results for the five aerofoils.

Compared against ESDU blockage corrections, the tolerant tunnel is better at reducing

blockage for the five aerofoils. At Re = 150 000, corrected solid walled data has a spread in

lift coefficients of 14% at α = 45◦. For the tolerant tunnel, this is reduced to 6%. Corrections

are derived using potential flow theory so should not be applied where flows are extensively

separated. The tolerant tunnel therefore represents a more reliable, and more theoretically

sound approach to the study of stalled aerofoils, a significant improvement on conventional

techniques.

The tolerant tunnel has an open area ratio (OAR, of open space to total wall space in its

slatted walls) of 71%. This was selected by testing the five aerofoils with a selection of OAR

walls and using the regression analysis to select the best performer. A review of blockage

correction methods for solid walled tunnels was conducted. Selected corrections were applied

to the results from the solid-walled tunnel, with the regression analysis used again to identiry

the ESDU corrections as the best performers.

A review of existing aerofoil studies extending into the deep stall region of incidences

has also been conducted, showing significant spread between them. Applying the selection

of blockage corrections to a single dataset from the solid walled tunnel revealed significant

differences between the corrected data, almost as large as the spread of data between existing

studies. Taking these findings along with the typically small differences resulting from exper-

imental errors (due to model accuracy, measurement accuracy and flow quality) or Reynolds

number variation, it can be concluded that blockage and the steps taken to minimise it are

the main source of inconsistencies in the literature.

A comparative study has been conducted using the smallest NACA 0015, the aerofoil least

affected by blockage. The tolerant tunnel results for the aerofoil, across a Re range of 20 000

- 250 000, have been compared to results obtained from the conventional, solid walled tunnel
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and processed with the ESDU blockage corrections. Differences between the two are small,

within the limits of experimental error. Given blockage has been identified as the largest

source of experimental inconsistencies, that two methods for reducing it give similar results

supports the assertion that the results represent a highly accurate set of post-stall aerofoil

data, the initial aim of this study.

With the data confirmed as a good approximation of free air results, analyses of the

effects of Reynolds number and camber on results have been presented for the NACA 0015,

alongside the NACA 0018 and two cambered NACA 0018 transforms. Attached flow lift peaks

and stall angle increase with Re while minimum drags decrease, as expected, in the 20 000 -

300 000 range of Reynolds numbers tested. Where similar, reliable studies exist, findings of

this study strongly corroborate earlier work. (Cl/Cd)MAX show the expected drop in aerofoil

performance at Re < Recrit, where Recrit is the lowest Reynolds number at which a laminar

separation bubble can form on the aerofoil’s suction surface. Below this, there is no flow

attachment and no stall. Stall, where is does exist, is a combined thin aerofoil and leading

edge stall.

Detached flow lift and drag is less affected by Reynolds number. Taking this study’s

results alongside those of others, a positive correlation between Reynolds number and post-

stall lift and drag is apparent, but conclusions on this cannot be definitive given the many

other possible causes of inconsistencies between studies.

Attached flow effects of camber are as expected: if camber is added, lift peaks, stall angles

and minimum drags all increase. Camber also increases post-stall lift and drag peaks, a

perhaps surprising result given that many models of post-stall aerofoil performance ignore

camber effects in deep stall. Camber also increases Recrit, making cambered aerofoils less

effective than symmetrical blades at the lower end of the Reynolds number range tested.

7.1.1 Further work

Low Reynolds number tests (Re < 100 000) gave some unusual results at moderate incidence

(α < 2◦). It is proposed in this study that laminar separation near the the trailing edge, with

no bubble formation, is to blame. A combined force, pressure tapping and flow visualisation

study would confirm this, the findings being useful for micro UAV design, as well as the study

of wind turbine start-up.
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Pressure tests of this study were mostly for the purposes of tunnel OAR configuration and

only conducted at Reynolds numbers of 60 000, 150 000 and 250 000. It would be useful to test

at a wide range of Reynolds numbers in the DS-71 tunnel configuration. A smaller aerofoil

than the c/H = 0.25, with more pressure tappings than the c/H = 0.15, would provide better

quality data than that obtained in this study.

The tolerant tunnel design has been used in the past for dynamic aerofoil testing. The

rig used in this study could be easily adapted for dynamic aerofoil testing by replacing the

incidence controlling stepper motor with a unit capable of faster operation.

7.2 An explanation of VAWT start-up behaviour

The key achievement of the modelling side of this study is the successful reproduction of flow

velocity-dependent VAWT self-start. In higher speed flows the model predicts successful self-

start, at lower speeds a “dead band” of torques are encountered and self-start fails. Where

start-up occurs, the acceleration follows the characteristic non-linear pattern of VAWTs, with

a long idling period followed by rapid speed increases to the highest possible equilibrium state.

Where start-up does not occur, the model settles at a lower equilibrium state. The “dead

band” or idling period occur in a region of TSRs at which torques are low or negative of

around 0.5 - 1.5, resulting from a heavy reliance on post-stall blade performance for torque

generation.

The findings demonstrate that whether or not a turbine will self-start is primarily a result

of blade Reynolds number effects, related to the jump in aerofoil performance at the critical

Reynolds number Recrit at which a laminar separation bubble is able to form on the aerofoil’s

suction surface. The presence of “dead bands” of negative torque is dependent on turbine

dimensions and blade profiles, and flow conditions.

A BEM code based on a double actuator, multiple streamtube representation of the Dar-

rieus VAWT was used for the start-up modelling. It includes consideration of unsteady aero-

dynamics (including dynamic stall), blade Reynolds number effects, blade-wake interactions,

virtual camber and incidence, and finite blade effects.

The aerofoil data from the current study was used in the BEM code and is of sufficient

quality to model VAWT performance with confidence. The 6% spread between the post-stall
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lift peaks of the five different-sized aerofoils taken in the tolerant tunnel, mentioned in the

previous section, is much lower than the spread between existing studies in spite of the c/H

range of the aerofoils tested here being far wider than that of the literature. A 10% difference

in post-stall lift peaks, well within the range in the literature, affected whether the BEM code

predicts a successful self-start or not, suggesting simulations using data from the literature

could be unreliable.

Novel work on virtual camber has been conducted, with new, cambered aerofoils fabricated

such that their profiles take the virtual shape of a NACA 0018 when used in VAWTs with

c/R of 0.114 and 0.25. The aerofoils have been tested as described above and the data used

to model NACA 0018-bladed turbines. Agreement to turbine experiments is closer for the

transformed aerofoils at incidence than for the NACA 0018 at zero incidence, particularly for

higher c/R. It is therefore demonstrated that virtual camber and incidence have a real impact

on turbine performance and should be considered when designing VAWTs. The impact can

be approximated by applying virtual incidence and using lift and drag data for the original

symmetrical blade.

The BEM code has been validated against VAWT blade force data from the literature. The

code provides a reasonable representation of the upstream half of the rotation, but downstream

performance is less good. The flow here is complex, with several features that the low-order

BEM code does not model well. Turbulence and blade-wake interactions in particular are

not adequately modelled in the code. Using high-solidity experiments as a basis, blade forces

are instead approximated as zero in the downstream half of the rotation. Turbine power

curves show good agreement to experiments in terms of trends, but the actual power outputs

predicted by the code are low.

7.2.1 Further work

The BEM code requires further development to improve its accuracy. Blade forces in the

upstream half of the rotation are underestimated at low TSR and overestimated at high

TSR. In the downstream half they are not well modelled. An experimental campaign using

a VAWT with instrumented blades, or access to existing turbine data not currently in the

public domain, would enable improvements to be made through further validation of the code.

The dynamic stall model applied in the BEM code takes an average of static results and the
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results of Gormont’s simple, empirical dynamic stall model commonly used in VAWT research.

It provides reasonable agreement to experimental blade forces but as the calculation suggests

(averaging with static forces), the original dynamic stall model is a poor fit. The model was

developed for pure pitching oscillations. A VAWT-specific dynamic stall model built around

the complicated combined pitch, plunge and surge of VAWT blade motion, with effective

incidences extending well beyond stall, would represent a real advance in BEM modelling of

the turbines. As mentioned in the previous section, the tolerant tunnel could be used for this,

but it may be better to work from a full VAWT with a blade mounted via a load cell for force

measurement, or fitted with tappings for pressure measurements.

7.3 Impact and beneficiaries of the research

The key beneficiaries of the research presented in this thesis are wind turbine manufacturers,

who will be able to use the aerofoil data provided for the modelling of turbines (both horizontal

and vertical axis) in low wind speeds or during start-up. UAV designers and manufacturers

are additional beneficiaries as they also require good quality aerofoil data at the Reynolds

numbers provided here.

The applicability of the datasets is limited to smaller turbines due the Reynolds number

range covered. In a windspeed of 6 m/s (the average in much of the UK), at a TSR of 1, the

maximum blade size that the data could be used to model is 0.51 m, typically used in VAWTs

with diameters of around 2.5 m, or a rated power of 3 kW. The majority of commercially

available VAWTs are of a comparable scale.

VAWT manufacturers could also make use of the computer modelling of VAWT start-up,

and the conclusions drawn from this, in the design of turbines better able to extract useful

energy in low wind speeds. The key finding in this context is the linking of two previously

described phenomena, namely the virtual camber imparted on VAWT blades in motion, and

the Recrit below which flow cannot attach to an aerofoils suction surface. Since camber

increases aerofoil Recrit and at Re < Recrit performance deteriorates significantly, turbine

blades should be designed for start-up with virtual camber in mind.

Additionally, a correlation between post-stall aerofoil performance and camber has been

found. Profiles with greater camber induce higher lift and drag at incidences beyond the stall
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angle. This means that it should be possible to design a better blade for small and medium-

scale VAWT self-start. Camber should be tailored to give appropriate post-stall performance

once virtual camber is considered. There will, however, always be a region of TSRs at which

torques are low. While camber has some affect on post-stall forces, it is limited, meaning that

blade designs for better start-up will be limited in their effectiveness. The findings of this

study will, however, help with the avoidance of “dead bands” of torque at moderate wind

speeds in future VAWT designs.
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Appendix A

Aerofoil studies referenced in the

thesis

A.1 Aerofoil experiments covering a wide range of incidences

A.1.1 The NACA 0012

Sheldahl and Klimas [20]

Tests were conducted on 0.15 m chord NACA 0009, 0012 and 0015 aerofoils, along with a

modified 0012, at effective Reynolds numbers of 360 000, 500 000 and 700 000. The authors

go on to synthesise results for a range of Reynolds numbers from 10 000 to 10 000 000 and for

additional sections (the NACA 0018, 0021 and 0025) from their experimental results using

computational methods. Some higher Reynolds number testing at 860 000 and 1 760 000 used

a larger NACA 0012, with chord of 0.38 m, for α < 30◦.

Experiments were conducted in a 2.13 m × 3.05 m test section fitted with splitters to give

a 0.91 m × 2.13 m section for two-dimensional aerofoil testing, with flow conditions measured

in this isolated section. Aerofoils span the whole of the 0.91 m width of the splitter section

and are mounted between two endplates that sit flush with the splitter plates. Lift, drag and

moment were measured using a force balance, with drag also obtained using a wake survey for

low angles of attack. Rae et al’s corrections [44] were used, including buoyancy. No mention

is made of the reinstatement of terms of εB
2 to the corrections used (see Section 2.1.5) so
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presumably they were used per the reference. Reynolds number was also corrected for wind

tunnel turbulence, the actual Reynolds numbers of the tests based on measured flow velocity

and atmospheric conditions were 260 000, 390 000 and 620 000, with correction factors of 1.38,

1.29 and 1.13 applied respectively to obtain the effective Reynolds numbers, again using Rae et

al.’s turbulence correction (see Section 2.1.8). Post-stall results exhibit very little dependency

on Reynolds number, hence the inclusion of only data taken at Re = 360 000 in Fig. 1.8 of

this thesis.

This study is highly influential in VAWT research, frequently used when modelling turbine

performance. The synthesised results over a wide range of Reynolds numbers are however very

unrealistic around stall, as noted by other researchers [109]. Only the original experimental

results are used in this study.

Critzos et al. [34]

Critzos et al. provide data from two different tunnels, the Langley low-turbulence pressure

tunnel (LTPT) and the Langley 300mph 7 ft × 10 ft tunnel (7 × 10). These will be covered

separately. Unusually, they provide their raw data for both tunnels, alongside corrected data.

The LTPT tunnel has a 2.29 m × 0.91 m test section. Tests were conducted at Re =

1 800 000 with M = 0.15, and Re = 500 000 with M = 0.12. The model had a chord of 0.15

m and spanned the 0.91 m width of the tunnel, mounted between small end-plates mounted

flush with the tunnel walls. It was supported at one end by a universal joint that restricted

movement but not rotation, and at the other by a force balance, which therefore measured

50% of lift and drag forces and 100% of moment. The aerofoil profile is “thought”, according

to the paper, to be accurate to within 0.076 mm. Corrected data is provided using two

methodologies, that of Allen and Vincenti [56], (on which Rae et al’s are based) and that

of Abbott et al. [122], which is identical but for its handling of wake blockage, for which

a boundary measurement method is used. Results reproduced in Fig. 1.8 of this thesis use

Abbot et al. which are around 2.5% higher than Allen and Vincenti in the post-stall region

of incidences.

Little information is given on the 7× 10 tunnel experiments. The tunnel has a 2.13 m ×
3.05 m test section and tests were conducted at Re = 1.36 × 106 with M = 0.2. A 0.305 m

chord aerofoil was used which spanned the 2.13 m width of the tunnel. Corrections used are
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those of Allen and Vincenti [56]. No wind tunnel turbulence corrections to Reynolds numbers

are mentioned for either tunnel.

Bergeles et al. [33]

Tests were conducted in a 1.4 m × 1.8 m tunnel with splitter plates installed to give a 0.34

m × 1.4 m two-dimensional test section. The model had a 0.2 m chord and ended 1.5 mm

short of the splitter plates at each end. It had a profile accurate to within 0.08 mm and was

mounted to a six-component force balance. It was tapped for pressure readings at 16 points

on one of its surfaces. Lift and drag are provided from the balance and an integration of the

pressure readings. At incidences below 5◦, a wake survey is used for drag rather than the

balance. Balance readings are rated to an accuracy of 3%-8%, and the wake survey to 5%.

For the balance and wake survey measurements, blockage corrections use the “classic

approach” covered in ESDU [10], AGARD [45], Rae et al. [44] and Pankhurst and Holder

[62], all of which are referenced, in the region of incidences before stall (there is very little

difference between the corrections at low incidence). Post-stall, Maskell’s blockage correction

[47] is used. For the pressure measurements AGARD corrections are used. The Reynolds

number is corrected with a wind tunnel turbulence factor of 1.195 after Rae et al. (see

Section 2.1.8).

Massini et al. [35]

A 3 m diameter circular cross-section tunnel was used, fitted with splitters to give an approx-

imate 0.8 m x 3 m two-dimensional test section. The aerofoil model has a 0.4 m chord and

spans the 0.8 m width of the test section, fitted between two endplates that sit flush with the

splitters. The aerofoil has 67 pressure tappings, with a further 16 in each endplate, 34 in the

splitters, and one tap each on the floor and ceiling of the test section. Force measurements

were taken using a six-component force balance.

The conference paper presents preliminary findings from a larger study (though no subse-

quent publications could be found) and does not state whether the lift and drag data it gives

was collected using the tappings or the balance. Presumably the balance was used. Raw data

is given alongside corrections using Rae et al. [44] and Maskell [47]. Reynolds numbers are

adjusted with a turbulence factor of 1.3 (see Section 2.1.8), giving corrected Re = 950 000.
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Zhou et al. [42]

Tests were conducted over a range of incidences from 0◦ to 90◦ for Reynolds numbers of 5 300

and 10 500, and over 0◦ to 40◦ for a Reynolds numbers of 51 000. A 0.3 m × 0.6 m water

tunnel was used, with a 0.1 m chord, 0.27 m span model, fitted between two 0.25 m × 0.25

m square end plates.

A high sensitivity 3-component load cell was used for lift and drag force measurements,

fitted with a “torque resisting system” that prevents any torques being transmitted to the load

cell but provides no resistance to force transfer. Drag is also estimated using a momentum

conservation method calculated from cross-stream velocity distributions with good agreement

between this and the load cell measurements. Blockage was corrected “at high incidence”

using Maskell [47]. No other corrections were applied. The turbulence intensity of the flow is

measured at 0.4-0.5%, though no corrections are made for this. Using Rae et al.’s correction

this would require a turbulence factor of 1.3 - 1.4 (see Section 2.1.8).

The results taken at Re = 5 300 exhibit no attached flow lift peak or stall, while those at

10 500 do, suggesting that the Recrit of the aerofoil tested, below which a laminar separation

bubble cannot form, lies somewhere between these values.

A.1.2 The NACA 0015

Sheldahl and Klimas [20]

See Section A.1.1.

Pope [36]

A 2.74 m diameter circular tunnel was fitted with two-dimensional inserts to give a tunnel

of approximate dimensions 0.76 m × 2.74 m. Testing was conducted at Re = 1.23 × 106

(corrected for tunnel turbulence with a factor of 1.2). The model used has a chord of 0.46

m, tapped for pressure readings at 50 locations. Surface accuracy was measured with feeler

gauges and found to be accurate to 0.13 mm. The model is mounted between end plates that

sit flush with the tunnel inserts and spans the 0.76 m width of the tunnel. Data is presented

for lift and drag obtained with the tappings and with a force balance, with post-stall lift and

drag peaks approximately 10% higher using the force balance.
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Lift interference is corrected for, though corrections to incidence were neglected as they

were found to be small before stall. An additional study was conducted on models with chords

of 0.15 m, 0.30 m and 0.46 m with little difference found between results post-stall. It was

concluded that a “breather” downstream of the model fortuitously yields a blockage tolerance

to the wind tunnel, so rendering solid and wake blockage corrections unnecessary, with none

made.

A.1.3 The NACA 0018

Timmer [38]

Readings were taken for incidences of 0◦ to 30◦ in a 1.8 m × 1.25 m rectangular cross-section

tunnel. A 0.25 m chord model spanned nearly the whole of the 1.8 m width, the gap at

both ends of the aerofoil is smaller than 0.5 mm. Forces and moments were measured with

a six-component mechanical balance. Drag was also measured using a wake rake. Balance

drag measurements were corrected for the influence of the small gaps between the edges of

the aerofoils and the tunnel walls.

Readings were taken at Reynolds numbers of 150 000, 300 000, 500 000, 700 000 and 106.

The turbulence intensity of the tunnel was measured at 0.02% at 10 m/s to 0.07% at 70 m/s,

corresponding to Reynolds numbers of 150 000 and 106 respectively, judged to be sufficiently

low to not require corrections to the Reynolds numbers.

Data was taken for increasing and decreasing incidences around stall, with significant

hysteresis found at all Reynolds numbers. AGARD corrections [45] were applied up to the

incidence at which leading edge flow separation occurs. Beyond this, Maskell’s method, as

modified by Hackett [123], has been used.

Runs were completed with free transition and with a 0.48 mm thick zigzag tape located

just before 80% of chord on both the upper and lower surfaces. This removed a “kink” in the

lift curve that Timmer states is caused but the influence of a laminar separation bubble on

the pressure surface of the aerofoil, at around 90% of chord. The zigzag tape has no effect on

the hysteresis around stall, so doesn’t suppress the suction surface laminar separation bubble

at angles near to the stall.
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Du et al. [37, 68]

A 0.46 m × 0.46 m wind tunnel was used, with a conventional solid walled test section and an

open jet with side walls but no floor and ceiling. The aerofoil has 44 pressure tappings, a 0.13 m

chord and spans the full width of the tunnel. Reynolds numbers of 60 000, 100 000 and 140 000

were used, surface pressures were measured using a scanivalve and processing into lift and

drag data via the methods of Fuglsang et al. [124]. AGARD corrections are applied [46, 45],

but raw data is also provided. The specific corrections used from the AGARD publications

used are not stated. Since the c/H is large at 0.28, the choice of correction regime has a

significant impact on results, so here the raw data has been used and reprocessed with the

ESDU blockage corrections used in the current study.

A.2 Low-Reynolds number aerofoil experiments

A.2.1 Althaus [8, 51] (various aerofoils)

Note that these references are in German. Automated translation software was used to obtain

the following information. The wind tunnel has a 0.37 m × 0.6 m cross section. Aerofoil

models have chords of 0.2 m and span the 0.37 m width of the tunnel, mounted between

two end plates that sit flush with the tunnel walls. Experiments are conducted for incidences

below 20◦, at Reynolds numbers of 40 000 - 200 000. The NACA 0009, 0012 and 0033 aerofoils

are tested, among many other profiles.

Lift is measured with a load cell, drag using a wake rake. The corrections of Abbott et

al. [122] (as used by Critzos et al, see above) are applied to the data. Turbulence intensity of

the tunnel was measured at 0.08% using a hot wire. No corrections were made to Reynolds

number for this.

A.2.2 Dong-Ha et al. [41] (NACA 0012)

Testing was conducted over a narrow range of incidences (below 6◦) at Reynolds numbers of

2.3 × 104, 3.3 × 104 and 4.8 × 104. A 0.18 m chord, 0.5 m span aerofoil was used in a 0.5

m × 0.5 m wind tunnel. The aerofoil has 24 pressure tappings from which measurements

were taken, with lift and drag calculated from the pressure distributions. Boundary layer
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flow visualisations were also conducted, using a smoke-wire method. No blockage corrections

are mentioned in the reference, nor in an earlier reference describing experimental techniques

[125]. Presumably, given the low incidences tested, they were deemed unnecessary.

A.2.3 Jacobs and Sherman [43] (various aerofoils)

Testing was conducted in the NACA variable density wind tunnel, with pressures of 0.25,

0.5, 1, 2, 4, 8, 15 and 20 atmospheres used to obtain effective Reynolds numbers of 40 000 -

310 000. The test section has a 1.524 m diameter circular cross-section.

Aerofoils have 127 mm chords and 762 mm spans and are finite, mounted on partly-

shielded supporting struts. Forces and moments are measured using a balance connected to

the struts. Drag and moment results at effective Re < 800 000 are considered unreliable due to

the sensitivity of the measuring equipment used. The main concern with the data presented

is, however, stated to be the interpretative methods used, particularly those for Reynolds

number and aspect ratio corrections.

Corrections to infinite aspect ratio use classical lifting-line theory for downwash and in-

duced drag, with the addition of appropriate factors to consider wall interference at the same

time, following methods established earlier for the same facility [126]. They are then cor-

rected for the influence of the rectangular wing tips using empirical corrections derived from

experiments on elliptical and rectangular planform wings. The corrections are assessed as

providing good sectional data for Cl < 1, but as stall is approached the suitability of the

corrections diminishes. A final empirical correction (a 4% increase in ClMAX) is applied to

improve performance around stall. The correction was derived from experiments on wings

with a variety of aspect and taper ratios. It is presented with the caveat that 4% is of the

order of measurement error of these experiments. Support interference is not corrected, with

an acknowledgement that this could cease to be negligible at low Reynolds numbers.

Effective Reynolds numbers have been corrected with a turbulence factor of 2.64, suggest-

ing the variable density tunnel has a very high turbulence intensity of around 2%. At some

low Reynolds numbers only lift measurements are presented due to the low quality of drag

and moment readings.

As the original authors note, data from this study is somewhat unreliable. Specific refer-

ence is made to new tests on the NACA 0012 in a lower turbulence facility that show lower
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drag than Jacobs and Sherman’s results, even after application of all their corrections. The

study is referenced here in the absence of any better alternatives.
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Method of images

The method of images is a mathematical technique used in potential flow theory to impose

boundary conditions on the domain under study. The domain is extended by duplicating it in

a mirror image, reflected along a line of symmetry. By considering the mirror image alongside

the original domain, boundary conditions are imposed along the line of symmetry.

B.1 Lift interference

The potential of a vortex of strength Γ located at x,z on the origin of the coordinate system

is:

Φ(x, z) = − Γ

2π
arctan

( z
x

)
(B.1)

and the velocity components are

u =
Γ

2π

(
z

x2 + z2

)
(B.2a)

w = − Γ

2π

(
x

x2 + z2

)
(B.2b)

The test aerofoil is modelled as a flat plate with chord c mounted at the quarter chord

at the origin and represented by a point vortex at the quarter chord point. The walls of the

tunnel, separated by height H, are represented as an infinite system of images of it. Opposite

pairs of images will induce no stream-wise velocity at the test aerofoil half chord as they
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cancel each other out. Conversely, the upwash induced by each pair is additive. For the first

pair, at the test aerofoil half chord:

w = −Γ

π

(
c/4

H2 + (c/4)2

)
(B.3)

If Γ = 1
2ClUuc

w = −ClUu
8π

(
c2

H2 + (c/4)2

)
(B.4)

assuming c/4 << H

∆α = − arctan

(
w

Uu

)
≈ − w

Uu
=
Cl
8π

( c
H

)2
(B.5)

The next pair of vortices is twice as far away, so will be 1/4 as effective and act in the opposite

direction. The next pair beyond that is three times away so will be 1/9 as effective and act in

the same direction and so on. The influence of the infinite system can therefore be calculated

as:

∆α =
Cl
8π

( c
H

)2 ∞∑

i=1

−1(i+1)

i2

=
Cl
8π

( c
H

)2(
1− 1

4
+

1

9
− 1

16
+ . . .

)

=
Cl
8π

( c
H

)2(π2
12

)

=
π

96

( c
H

)2
Cl

(B.6)

B.2 Solid blockage

The potential of a source-sink doublet of strength µ located at x,z on the origin of the

coordinate system is:

Φ(x, z) = − µ

2π

(
x

x2 + z2

)
(B.7)
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and the velocity components are

u =
µ

2π

(
x2 − z2

(x2 + z2)2

)
(B.8a)

w =
µ

2π

(
2xz

(x2 + z2)2

)
(B.8b)

The test aerofoil is modelled as a cylinder with radius a mounted at its centre at the

origin and represented as a point doublet, and the tunnel walls, separated by height H, are

represented as an infinite system of images of it. Opposite pairs of images will induce no

upwash at the cylinder centre as they cancel each other out. The effect of the pairings on

stream-wise velocity is additive. For the first pair, at the cylinder centre:

u =
µ

π

(
1

H2

)
(B.9)

if µ = 2πa2Uu, where a is the cylinder radius

u = 2
a2Uu
H2

εsb =
u

Uu
= 2

a2

H2

(B.10)

The next pair of vortices is twice as far away, so will be 1/4 as effective. The next pair beyond

that are three times away so will be 1/9 as effective and so on. The influence of the infinite

system can therefore be calculated as:

εsb = 2
a2

H2

∞∑

i=1

1

i2

= 2
a2

H2

(
1 +

1

4
+

1

9
+

1

16
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)

= 2
a2

H2

π2

6

=
π2

3

( a
H

)2

(B.11)
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B.3 Wake blockage

The potential of a source of strength m located at x,z on the origin of the coordinate system

is:

Φ(x, z) =
m

2π
ln
√
x2 + z2 (B.12)

and the velocity components are

u =
m

2π

(
x

x2 + z2

)
(B.13a)

w =
m

2π

(
z

x2 + z2

)
(B.13b)

The wake of the test aerofoil is modelled as a point source at the origin, with a corre-

sponding system of sinks far enough downstream to be ignored in this analysis. The walls

of the tunnel, separated by height H, are represented as an infinite system of images of the

sources and sinks. The influence of the system at the midspan of the tunnel far upstream of

the model is calculated. At this point, opposite pairs of images will induce no upwash as they

cancel each other out but they will induce a stream-wise velocity. For the nth pair of source

images, at a distance x upstream:

u =
m

π

(
x

x2 + (nH)2

)
(B.14)

taking m = 1
2CduUuc and summing for the infinite system of sources:

u =
1

2π
CduUuc

∞∑

i=1

(
x

x2 + (nH)2

)
(B.15)

Evaluating the sum to infinity:

εwb =
u

Uu
=

1

2π
Cdu

c

H

∞∑

i=1

(
x/H

(x/H)2 + n2

)

=
1

2π
Cdu

c

H

[
π(x/H) coth(πx/H)− 1

2x/H

] (B.16)
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Appendix B. Method of images

and if x is far upstream:

lim
x→∞

εwb =
1

4
Cdu

c

H
(B.17)
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Appendix C

Derivation of a formula for

calculating the required c/H ratio

for blockage corrections to be less

than 5%

First, an inequality is established:

Cdu − CdFA
Cdu

< 0.05 (C.1)

From Eqns (2.20) and (2.18):

Cdu −
Cdu(1− εsb)

(1 + εB)2

Cdu
< 0.05

=⇒ 0.95(1 + εB)2 < 1− εsb

(C.2)

Using Eqn. (2.17) and expanding (1 + εB)2 gives:

(1 + εB)2 = 1 + 2εsb + 2εwb + εsb
2 + 2εsbεwb + εwb

2 (C.3)
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Appendix C. Derivation of a formula for calculating the required c/H ratio for blockage
corrections to be less than 5%

Substituting (C.3) in (C.2) and rearranging:

2.9εsb + 1.9εwb + 0.95εsb
2 + 1.9εsbεwb + 0.95εwb

2 < 0.05 (C.4)

Eqn. (2.13) gives εwb in terms of c/H; manipulation of Eqn. (2.11) gives εsb similarly:

εsb = ζ
( c
H

)2
(C.5)

where:

ζ =
πkaeroτ

6
(1 + 1.2τ)

(
1 +

1.1

τ
α2

)
(C.6)

τ = t/c and kaero is a constant for a given profile such that Aaero = kaeroτc
2. kaero = 0.68

for the NACA 0012 and 0.65 for the NACA 0015.

Substituting Eqns (2.13) and (C.5) into (C.4) and rearranging gives a quartic inequality

in c/H:

0.95ζ2
( c
H

)4
+ 1.9KwbCduζ

( c
H

)3
+ (2.9ζ + 0.95Kwb

2Cdu
2)
( c
H

)2
+ 1.9KwbCdu

( c
H

)
< 0.05

(C.7)
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Appendix D

Additional plots

D.1 Force measurements for the five NACA 0015 aerofoils

with various tolerant tunnel OARs at Re = 150 000

D.1.1 Single slatted wall
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Figure D.1: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA 0015

aerofoils taken in the tolerant tunnel, SS-71 configuration at Re = 150 000.
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Figure D.2: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA 0015

aerofoils taken in the tolerant tunnel, SS-79 configuration at Re = 150 000.
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Figure D.3: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA 0015

aerofoils taken in the tolerant tunnel, SS-83 configuration at Re = 150 000.
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Figure D.4: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA 0015

aerofoils taken in the tolerant tunnel, SS-88 configuration at Re = 150 000.
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Appendix D. Additional plots

D.1.2 Double slatted walls

0 20 40 60 80 100 120 140 160 180
−1.5

−1

−0.5

0

0.5

1

1.5

2

2.5

α (degrees)

C
l,
C
d
,
C
m

Cl c/H = 0.1

Cd c/H = 0.1

Cm c/H = 0.1

Cl c/H > 0.1

Cd c/H > 0.1

Cm c/H > 0.1

Figure D.5: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA 0015

aerofoils taken in the tolerant tunnel, DS-50 configuration at Re = 150 000.
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Figure D.6: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA 0015

aerofoils taken in the tolerant tunnel, DS-55 configuration at Re = 150 000.
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Figure D.7: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA 0015

aerofoils taken in the tolerant tunnel, DS-59 configuration at Re = 150 000.
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Figure D.8: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA 0015

aerofoils taken in the tolerant tunnel, DS-63 configuration at Re = 150 000.
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Appendix D. Additional plots

D.2 Force measurements for the five NACA 0015 aerofoils

with various tolerant tunnel OARs at Re = 60 000
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Figure D.9: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA 0015

aerofoils taken in the tolerant tunnel, DS-67 configuration at Re = 60 000.
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Figure D.10: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA

0015 aerofoils taken in the tolerant tunnel, DS-71 configuration at Re = 60 000.

0 20 40 60 80 100 120 140 160 180

−1

−0.5

0

0.5

1

1.5

2

α (degrees)

C
l,
C
d
,
C
m

Cl c/H = 0.1

Cd c/H = 0.1

Cm c/H = 0.1

Cl c/H > 0.1

Cd c/H > 0.1

Cm c/H > 0.1

Figure D.11: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA

0015 aerofoils taken in the tolerant tunnel, DS-75 configuration at Re = 60 000.
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Appendix D. Additional plots

D.3 Force measurements for the five NACA 0015 aerofoils

with various tolerant tunnel OARs at Re = 250 000
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Figure D.12: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA

0015 aerofoils taken in the tolerant tunnel, DS-67 configuration at Re = 250 000.
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Figure D.13: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA

0015 aerofoils taken in the tolerant tunnel, DS-71 configuration at Re = 250 000.
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Figure D.14: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA

0015 aerofoils taken in the tolerant tunnel, DS-75 configuration at Re = 250 000.
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Appendix D. Additional plots

D.4 Force measurements for the five NACA 0015 aerofoils

with solid tunnel walls at Re = 60 000

0 20 40 60 80 100 120 140 160 180
−2

−1

0

1

2

3

4

α (degrees)

C
l,
C
d
,
C
m

Cl c/H = 0.1

Cd c/H = 0.1

Cm c/H = 0.1

Cl c/H > 0.1

Cd c/H > 0.1

Cm c/H > 0.1

Figure D.15: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA

0015 aerofoils taken in the solid walled tunnel at Re = 60 000.
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Figure D.16: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA

0015 aerofoils taken in the solid walled tunnel at Re = 60 000, ESDU corrections.
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Figure D.17: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA

0015 aerofoils taken in the solid walled tunnel at Re = 60 000, Maskell’s corrections.
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Appendix D. Additional plots

D.5 Force measurements for the five NACA 0015 aerofoils

with solid tunnel walls at Re = 250 000
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Figure D.18: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA

0015 aerofoils taken in the solid walled tunnel at Re = 250 000.
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Figure D.19: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA

0015 aerofoils taken in the solid walled tunnel at Re = 250 000, ESDU corrections.
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Figure D.20: Cl, Cd and Cm vs α for c/H = 0.1, 0.15, 0.2, 0.25 and 0.3 NACA

0015 aerofoils taken in the solid walled tunnel at Re = 250 000, Maskell’s corrections.
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Appendix D. Additional plots

D.6 Surface pressures for the two tapped NACA 0015 aerofoils

with various tolerant tunnel OARs and solid tunnel walls,

at Re = 150 000
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Figure D.21: Cp plotted against normalised chord-wise position for the c/H = 0.15

and c/H = 0.25 NACA 0015 aerofoils at Re = 150 000 in the DS-67 tolerant tunnel.
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Figure D.22: Cp plotted against normalised chord-wise position for the c/H = 0.15

and c/H = 0.25 NACA 0015 aerofoils at Re = 150 000 in the DS-75 tolerant tunnel.
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Appendix D. Additional plots

D.7 Surface pressures for the two tapped NACA 0015 aerofoils

with various tolerant tunnel OARs and solid tunnel walls,

at Re = 60 000
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Figure D.23: Cp plotted against normalised chord-wise position for the c/H = 0.15

and c/H = 0.25 NACA 0015 aerofoils at Re = 60 000 in the DS-67 tolerant tunnel.
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Figure D.24: Cp plotted against normalised chord-wise position for the c/H = 0.15

and c/H = 0.25 NACA 0015 aerofoils at Re = 60 000 in the DS-71 tolerant tunnel.
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Figure D.25: Cp plotted against normalised chord-wise position for the c/H = 0.15

and c/H = 0.25 NACA 0015 aerofoils at Re = 60 000 in the DS-75 tolerant tunnel.
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Figure D.26: Cp plotted against normalised chord-wise position for the c/H = 0.15

and c/H = 0.25 NACA 0015 aerofoils at Re = 60 000 in the solid walled tunnel.
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D.8 Surface pressures for the two tapped NACA 0015 aerofoils

with various tolerant tunnel OARs and solid tunnel walls,

at Re = 250 000
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Figure D.27: Cp plotted against normalised chord-wise position for the c/H = 0.15

and c/H = 0.25 NACA 0015 aerofoils at Re = 250 000 in the DS-67 tolerant tunnel.
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Figure D.28: Cp plotted against normalised chord-wise position for the c/H = 0.15

and c/H = 0.25 NACA 0015 aerofoils at Re = 250 000 in the DS-71 tolerant tunnel.
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Appendix D. Additional plots
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Figure D.29: Cp plotted against normalised chord-wise position for the c/H = 0.15

and c/H = 0.25 NACA 0015 aerofoils at Re = 250 000 in the DS-75 tolerant tunnel.
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Figure D.30: Cp plotted against normalised chord-wise position for the c/H = 0.15

and c/H = 0.25 NACA 0015 aerofoils at Re = 250 000 in the solid walled tunnel.
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