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Abstract 

This thesis reports on experimental and numerical studies of the fluid dynamic 
performance characteristics of ducted and unducted Weils turbine rotors in uni- 
directional and bi-directional fluid flows. The studies of the ducted Wells turbine 
performance in unidirectional, steady air flow have relevance for existing proto- 
type wave power devices in which the turbine is used to convert energy from a 
alternating air flow driven by an oscillating water column. The studies of the 
performance of unducted Wells turbines in oscillatory flow relate to a novel ap- 
plication of the NVells turbine in which the turbine rotor is placed in an oscillatory 
flow beneath waves. 
The -aerodynamic characteristics of a 0.75 [in] diameter ducted mono plane Wells 
turbine rotor having from two to eight constant chord blades have been studied 
in steady, incompressible, unidirectional flow by measuring the chord wise surface 
pressure distributions and lience the blade forces at a number of iadial stations 
on a rotating NACA0015 sectioned blade. Particular attention was paid to the 
steady stall behaviour of the rotating blade. It was found that the stall behaviour 
of the rotating blade is dramatically different from that of the static blade section 
and in steady flow is strongly affected by the stall delay phenomenon which is 
known to also occur on wind turbine rotors. This part of the thesis work also pro- 
vided evidence of strong non-linear post-stall interactions between cascade and 
stall-delay effects. 
A theory similar to the existing actuator disc theory for unidirectional steady 
flow was developed as part of the thesis work to assess the ideal fluid-dynamic 
efficiency of the Wells turbine in unducted, small to moderate KC oscillatory flow. 
The theory which modelled the rotor wake by concentrated vortex rings re ad ve le 
that the peak cyclic efficiency of the rotor is inversely proportional to KC and due 
to the action of the rotor wake can attain values greater than unity if the rotor 
efficiency (power coefficient) is based on the peak axial energy flux through an 
area equal to the swept area of the turbine rotor that would occur in the undis- 
turbed free stream. The wake idealisation chosen for the numerical model was 
justified by flow visualisation studies which showed that in small KC oscillatory 
flows the wake roll-up is a defining feature of the wake development. 
A number of Nvater tank experiments were designed and carried out to measure 
the shaft power of unducted Wells turbine rotors in small to moderate KC oscilla- 
tory flow at small scale to provide some validation for the theoretical performance 
analysis developed. These experimental investigations confirmed that the cyclic 
efficiency of an unducted Wells turbine rotor is inversely proportional to KC and 
that power coefficients greater than unity can be achieved due to the induced 
back flow qf the rotor wake. 
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Chapter I 

Introduction 

1.1 Wave Power 
Seen against the background of the technically more matured conversion pro- 
cesses of renewable energy sources such as wind or solar power, the conversion 
of wave energy is a fairly young technology posing an entirely new field of R&D. 
Though, wave power was strongly promoted in the late 1970s and early 1980s 
funding was subsequently reduced due to pessimistic assessments of economic 
competitiveness. Some increase in funding has been apparent in the 1990s, par- 
ticularly for oscillating water column (ONVC) devices. In 1991 the European DG 
XII-Rcnewable Energy Division initiated a review of research into wave energy 
conversion in order to incorporate this into their JOULE energy research pro- 
gramme. A preliminary budget of 1.2 mio. ECU N%ras made available for the 
exploration of R&D scope of wave energy conversion. The findings of the resul- 
tant research report submitted in 1993 were included in the JOULE 11 programme 
for consideration of further funding of wave power. 

The interest in wave power is stirred by the large amount of energy. stored in 
the waves. Also, the energy density of the waves is roughly a factor of 100 higher 
than the energy density for wind so that in theory %%rave power devices for a given 
energy capture can be much smaller than equivalent wind energy converters. The 
total gross energy in waves along the European coastline has been assessed to be 
of the order 1.000 TWh/a, of which approximately 75% is received along the 
Atlantic west coast ( LeMs (1993) ). Of this total it is estimated that the techni- 
cally achie-. -able output is around 120 TIVh/a (this corresponds to roughly 12% 
of increase in estimated total energy demand in the EEC up to the year 2050). 

A relatively large, %-ariety of competing devices are currently being researched 
in a number of countries inside and outside the EEC. Since these costly prototype 
devices are relatively high risk projects, research has mainly been carried out at 
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universitim and rescarch instittites. 

1.2 The Wells Turbine 
One device widely used for power take off in wave energy converters is the so 
called Wells turbine named after its inventor Prof. A. I%Iclls of Queens University 
in Belfast. The Wells turbine is an axial flow turbine, which for a bi-directional 
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Figure 1.1: Wells Turbine Arrangement 

incident fluid flow inherently produces unidirectional rotation. Its main geo- 
metric features as conceptually shown in figure (1.1) ( Ragunathan (1983) ) are 
untwisted blades employing symmetrical profiles. The acting blade forces are 
shown in figure (1-2) and it can be seen that in oscillatory flow the axial force 
changes sign with flow direction, but the action of the tangential force which 
provides the rotation is always in the same direction. 
The Wells turbine is commonly used in wave power devices which generate an 
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Figure 1.2: Blade Forces 

oscillating water column (ONN'C) due to, %vavc motion. It is usual to operate the 
Wells turbine in an airflow driven by the OWC. As shown in figure (1.3) this 
allows pneumatic gearing of the flow from high force, low speed to low force, high 
speed. The turbine can, therefore, be operated at high RPINI which is compatible 
with conventional a/c generators with no need for gearing. Furthermore, high 
Keulegan-Carpenter number (KC) flows can be generated in which the turbine 
for a large part or a flow cycle is exposed to quasi-steady flow. The KC number 
is defined as KC = (7rA)/(Dr) where A is the amplitude of displacement of the 
oscillating flow and DT is the turbine diameter. 
Figure (1.4) ( Whittaker (1992) ), presents a schematic view of a 75 kW (rated) 

shoreline OWC power plant, which is run by Queens University, Belfast as a pilot 
project on the island of Islay. Concepts also exist, however, for offshore OWC 
devices where the available energy is significantly greater than at shoreline loca- 
tions. One such device, the OSPREY, is described by Thorpe (1995). 

As discussed by Bishop (1981) more conventional turbines such as Francis or 
Kaplan which have peak efficiencies in excess of 90% (-compared to theoretically 
predicted cyclic efficiencies of around 70% for the Wells turbine-) can be used 
in an OIVC. These, however, require complicated rectifying valve mechanisms to 
provide unidirectional pulsating flow through the turbine from the alternating 
flow due to the capturedwave motion. 
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Figure 1.3: Flow Gearing 

The Wells turbine has no need for flow rectification in that sense and is hence 
structurally comparatively simple and compact. Some workers argue that guide 
-%-anes are needed to enhance the start-up characteristics of the Wells turbine, 
which undermines the devices' main advantage of structural compactness. Evi- 
dence of tests carried out at Queens University ( Ragunathan (1982) ), however, 
suggests that paying attention to relevant design parameters such as the solidity 
and hub/tip ratio of the rotor, the turbine may be configured to be self starting. 
In addition to being inherently self-rectifying, aerodynamic considerations indi- 
cate that the Wells turbine is also self governing in that at high rotational speeds 
the compressibility drag of the blades expected to arise at tip Mach numbers well 
below unity would reduce the net torque, thus preventing turbine run-away. It 
has been shown ( Ragunathan, (1981) ) that additional turbine control required 
as protection from alternator over-speed or for the case of turbine shut-down may 
be provided on the Wells turbine by installing a conventional mechanical brake. 

To date the Wells turbine has mainly been used in a ducted arrangement as 
a power tak-e-off mechanism in shoreline OWC devices described above. Since 
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Figure 1.4: Islay 75 JkWj Wave Power Device 

waves retain only a fraction of their initial energy as they reach the shore, it 
seems attractive to place wave energy converters offshore. The performance of 
a number of such devices has been studied to date. Grant (1987) for example 
has investigated the performance characteristics of a distress beacon which de- 
rived its power from surface %%-aves by means of a low-head reversible flow turbine 
suspended below a float. Whittaker (1991) has explored the performance of a 
wave activated navigation buoy which used a ducted Wells turbine to convert the 
energy generated by the heaving motion of the buoy. In some of these cases the 
comparatively large, weighty structure associated with the capturing chamber of 
an OWC may be costly to build and install. A more cost effective set up might 
be to place the Wells turbine directly into the water flow beneath the waves. 
In this application the turbine is likely to operate in an unducted configuration. 
This is a novel use of the Wells turbine, which has apparently not been studied 
previously in any great detail and is the subject of part of the present work. 
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The Performance of The Wells Turbine in Ducted 
Flow 

The Wells turbine performance is conventionally studied in terms of non-dimensional 
quantities for the shaft power Ws and the pressure drop across the rotor dp as 
well as the turbine efficiency Y1. In general, these quantities are related to the 
flow rate through the turbine duct Q, which is given by the axial flow velocity V, 
and the cross sectional area of the duct. From this the so called flow coefficient 
41), which is defined as the ratio of V to the rotor blade tip speed Uj(tip) and 
is, therefore, the inverse of the tip speed ratio A, can be deduced. All of the 
above performance quantities are strong functions of 4, and most theoretical and 
experimental studies aim to quantifý this dependency. 

To date theoretical performance prediction methods developed for the Wells 
turbine have mainly described the turbine operation in an OWC type set up. 
This, generally, implies that the turbine is mounted in a close fitting duct. The 
first theoretical aerodynamic performance analysis for this arrangement was de- 
veloped by Sturge (1977) at the CEGB Marchwood Engineering Laboratories 
(MEL). Most subsequent theoretical Wells turbine performance studies have fol- 
lowed his method which was based on a blade element theory (BET) approach 
and is outlined in the following. 

In the theoretical analysis given by Sturge the non-dimensional quantities for 
It's, dp and q are related to the blade forces and various geometric parameters 
of the rotor. The method treats the duct flow as consisting of a number of con- 
centric annular stream tubes. On the assumption of stream tube independence 
for the flow through the rotor the blade span is divided into a number of sections 
for which the flow is considered to be two dimensional. This is the conventional 
approach of BET which u-as derived by Clauert (1947) and argues that the flow 
over a particular blade section is not affected by that over the adjacent blade 
sections. 

Assuming that for each blade element the axial force on all blades is balanced 
by the pressure force on an equi%-alent annulus and that the change in angular 
momentum of the flow passing through the rotor is equal to the blade elements' 
contribution to the rotor torque, the performance quantities TVs, dp and q can 
be expressed in terms of the tangential and normal blade forces FT, FN and the 
local blade incidence a. The related force coefficients CT and CN are determined 
from isolated airfoil data which is modified to account for effects due to the fact 
that the blades are operating in a cascade with 90 degrees stagger angle. 

Ragunathan (1995) has discussed conventionally applied theoretical models 
developed by e. g. Weinig (1935) and the so called Martensen methods, which are 
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singularity methods and provide an inviscid analysis of 2D static cascade flow. III 
general, it is assumed that the static cascade data can for attached flow be npplied 
to rotating blades and no account of rotational effects is explicitly given in the 
analysis. The methods mentioned above propose a correction factor k that can 
be applied to the lift coefficient of an isolated flat plate acrofoil Qto to estimate 
the sectional lift coefficient of an acrofoil CL in a static cascade. This correction 
factor ran also be derived from general cascade theory given by Horlock (1958) 
and, for a cascade with a stagger angle of 7r/2, is given by: 

(1.1) CL =k CLo 

and 
(1.2) k= (2s) tan (7rc) 

7rc 2s 
where c is the chord and s is the pitch. 

The inviscid influence between acrofoils in a static cascade which causes this 
increase in C1, is due to the velocities mutually induced on each other by neigh- 
bouring acrofoils and is related to the bound circulation r. Ragunathan (1995) 
gives numerically computed and experimentally measured pressure distributions 
for NACA0012 and NACA0021 acrofoil sections in a cascade at pre-stall angles 
of attack (AOA). These results show that for an acrofoil operating in a static cas- 
cade the leading edge suction is significantly increased and that the differences 
in aerodynamic loading between leading and trailing edges is reduced . 

In their basic form these potential flow methods cannot predict cascade effects 
on drag, so that in the absence of any better information it is sometimes assumed 
that the drag coefficient of an aerofoil is unaffected when operating in a cascade. 
Ragunathan (1995) has also presented results of computations in which the po- 
tential flow results of a basic Martensen method were combined with a boundary 
layer analysis to investigate cascade effects on CT. Alternative approaches for 
quantifying the cascade effects, which are important to the performance of a 
Wells turbine rotor have been based on experimental investigations. In these the 
correction factors applicable to the isolated aerofoil data were deduced by corre- 
lating mean blade force coefficients with direct shaft power measurements. 

In order to be able to evaluate the, %-ariation of the local blade incidence Cr along 
the blade span some assumptions are usually made about the radial variation of 
tile axial inflow velocity in the rotor plane. Ragunathan (1983) has explained the 
so called radial equilibrium approach and the constant velocity approach which 
are usually applied in the theoretical performance prediction methods available 
for the Wells turbine. The former approach assumes that Ap is constant between 
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the rotor hub and the rotor tip so that no radial pressure gradients exist ill tile 
flow ahead and aft of the rotor. This assumption leads to all iterative procedure in 
which a is adjusted locally to satisfy the condition of a radially constant pressure 
drop across the turbine. In contrast, the second approach assumes that V, is 
radially invariant in the rotor plane, which for a given rate of rotation allows tile 
incidence to be computed directly as 

ian a 
it 
79 

where Ut is the tangential velocity seen by the turbine blade and is related to 
the rate of rotation fl. Figure (1.5) below illustrates this relationship. Results of 
experimental measurements presented by Ragunathan (1983) suggest that both 
approaches make valid assumptions and that the differences in performance esti- 
mates derived from the two methods are, in general, for most flow rates negligible. 
However, experimental data recorded by Ragunathan (1986) for a model Wells 
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----------------- ..... ...... . ...... 
.............. . ....... 

Figure 1.5: Incident Velocities 

turbine which had a solidity a of 0.75 and a hub/tip ratio h of 0.62 suggests that 
for high solidity rotors there is considerable radial variation of V,, downstream of 
the rotor. For a tip speed ratio of approximately 8.5 the published data revealed 
that doumstrearn of the rotor V. was increased by almost 80% at the blade tip 
while towards the blade root V. was reduced by around 60%. Ragunathan con- 
cluded, therefore, that for high solidity rotors the concept of radial equilibrium 
is questionable. 

Neglected in most published theoretical and experimental performance analy- 
ses of the Wells turbine are the effects of the rotor wake. The rotor wake induces 
axial and circumferential velocities u,, and v, in the plane of rotation as also in- 
dicated in figure (1.5). 
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These induced velocities vary radially as discussed in the following and cause 
an effective blade incidence (r, given by 

tan a, = 
"'" 
Ule 

WllCtC I'se = V's + u,, and Uj, = U, + v, 

Assuming that for each blade element dr the total axial force Fiv acting on 
all of the it rotor blades is balanced by the pressure force acting on the swept 
annulus and the local cliange in axial momentum due to u, the following relation 
mqY be derived: 

n F. dr = u,, p V, 27rr dr + Ap 2r dr- r 

IV2 C) e Introducing the axial force coeffirient CN = F,, 1(112 p where IV, 
(It 

e+ 
Ue) 1/2 

21 is the total velocity and c is the blade chord equation(I. 5) may 
be rearranged to give: 

UZ ON 1P 
47r Vz. P V.. 

This equation must be solved subject to the requirements of mass flow continuity 
in the annulus between the rotor tip re and the rotor hub rl,, Le.: 

f re 2rr %, dr 
rh 

By integrating equation (1.5) and substituting equation(l. 7) assuming that (clAp/clr) 
=0 it can be shown that 

Ap = 1/2 p 
nc I CN I V, 2d(r/rc) 

7rri(l - h2) 
fAh 

The swirl velocity v, acts in the circumferential direction and is induced by 
the vortex wake of the rotor, which is sustained by the vorticity shed from the n 
rotor blades, each of which carry a bound circulation r. The continuously shed 
hub and tip vortices form axially symmetric spiral vortex sheets downstream of 
the turbine rotor. On the inside of such a vortex sheet the swirl is zero, because 
an infinite spiral sheet does not induce any swirl velocity at radii smaller than its 
own within the sheet region. The swirl velocity field outside, however, is not zero 
and is, in fact, equal to that induced by an axial vortex filament of equivalent 
strength. Rom this it is apparent that the tip vortex does not contribute to 
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the swirl which, therefore, is most strongly related to the shed hub vortex. This 
result does not account for the effect of the rotor duct, which can be modelled by 
image vortex sheets for the tip and hub vortices. It can be seen, however, that 
they (to not cause any swirl at the rotor, because the latter lies inside these image 
vortex shects and, therefore, the same argument applies to these vortex sheet-, as 
for the tip vortex. 

If the hub vortex is approximated as a semi-infiniteaxial vortex filament which 
originates at the centre of the rotor and has a strength nr then the swirl velocity 
induced by this filament far downstream of the rotor at a distance r from the 
axis of rotation is: 

(1.9) nr 
27rr 

where according to the Kutta-Joukowski theorem r for each blade is related to 
the blade lift coefficient CL by 

r= 112 IV. cCL 

so that 

n(c/r) I 1re CL 27t 

It can be seen that v, increases in direct proportion with the local lift coefficient 
and the chord to radius ratio (c/r). This suggest that as Cr, increases with a, 
the blade would, due the action of v, which causes a reduction in the effective 
incidence or., at high incidences tend to 'unstall' itself. 

On the assumption that ahead of the rotor v, is nominally zero the value of 
v, in the plane of rotation is taken to be exactly half its . -alue downstream of the 
turbine rotor. If for high A the resultant velocity I V, is approximated by v, + r2r 
in equation (1.11) then: 

(1.12) V. 
=n 

(c/r) CL W, 
5r- 47r Or 

so that, 
(1.13) vs n (c/r) CL 

iyr- 4; r 
+ 

Vs 
f1r) 

and finally, 
vs n (c/r) CL 

(1.14) 
(Ir 47r -n (c/r) UL 

Clearly, the assumptions made in the derivation of equation(l. 14) are invalid at 
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high local angic of attack i. e. lower tip speed ratios. 

Barnsley and Wellicombe (1991) performed LDA measurements of mean and 
instantaneous axial and circumferential velocities alicad and aft of an unducted 
model wind turbine rotor in steady axial flow. Their measurements revealed that 
while the mean induced axial velocity well ahead of the rotor was nominally zero 
there was a small non-zero mean value of the circumferential velocity v, ahead of 
the rotor which was near constant up to 0.25%DT upstream, which suggests that 
the assumption of zero swirl ahead of the rotor is not strictly true. Closer to the 
blade the time history traces of the ci rcu inferential velocity showed strong local 
influences of the blade circulation. 

The above numerical performance analysis treats the flow through the Wells 
turbine rotor as quasi steady. In general, no explicit account of the oscillatory 
nature of the incident flow generated in an ONVC in which the Wells turbine 
conventionally operates is taken in these performance prediction methods. Ra- 
gunathan (1995) outlines the commonly accepted view that the non-dimensional 
frequencies of the airflow driven by the captured wave motion in typical wave 
climates are low enough to justify the steady flow approximation. Experimental 
studies performed in oscillatory flow by Ragunathan and Ombaka (1985) for dif- 
ferent Wells turbine geometries showed that the non-dimensional pressure drop, 
the shaft power and the rotor efficiency over a fairly wide range of flow coeffi- 
cients are not a strong function of the reduced flow frequency. Further, it is clear 
that in an ONVC relatively high KC number flows occur due to the pneumatic 
gearing of the airflow. For the Islay prototype Wells turbine typical operational 
KC numbers were estimated to be of the order of 100. For these high KC number 
flows the turbine indeed operates in quasi steady flow for a large part of the flow 
cycle. 

On the whole, performance predictions for ducted Wells turbines made from 
the unidirectional, steady flow theory approach described above seem to agree 
reasonably well qualitatively and quantitatively with experimental data measured 
in steady unidirectional and unsteady alternating flows ( see e. g. Grant (1979) 

, R, agunathan (1986) ). Model scale experiments carried out in unidirectional 
steady flow by Grant (1979), however, indicated that for the larger flow coeffi- 
cients the theoretically predicted turbine power was significantly lower than the 
measured shaft power. This -mas explained by the differences between the test 
Reynolds number and that relating to the aerofoil data used in the prediction 
method. More recently, Koola (1995) has carried out larger scale wind tunnel 
investigations in which the shaft power measured for a Wells turbine operating 
in unsteady randomly alternating flow was compared to numerical predictions 
using conventional theory. From the data presented it was clear that, while there 
%%-as good agreement between theory and experiment for the lower flow rates, at 
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the higher flow rates the theory dramatically underpredicted the turbine shaft 
power. It was concluded that the theoretical model (toes not accurately predict 
the onset of turbine stall. 
In order to comply with the stringent requirements of the electric grid the Wells 
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Figure 1.6: Wells Turbine Cyclic Efficiency 

turbine, attached to an induction type generator of AC power, would convention- 
ally be operated at nominally constant RPM. For the Wells turbine operation 
in OWC wave power devices it can be seen that during a wave flow cycle the 
turbine blades will operate at a range of incidences due to variations of the axial 
inflow velocity. Figure (1.6) ( Whittaker (1992) ) shows a typical variation of 
cyclic turbine efficiency with flow coefficient ýD which for constant RPM is pro- 
portional to the inflow velocity V,,. It can be seen from this that at low values 
of 4) (i. e. high A) the efficiency is reduced due to profile drag effects. Further it 
may be noted, that for largevalucs of V, the turbine efficiency and, therefore, the 
energy capture of the device is low. This is associated with rotor stall. Clearly, 
from a designers point of view it seems desirable to configure the turbine so that 
it operates out of stall for a possibly large part of a flow cycle for a typical spec- 
trum of inflow velocity fluctuations. Unfortunately, for the Wells turbine, stall 
of rotating blades and its dependency on geometric rotor parameters is currently 
not well understood nor theoretically described. 
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There is evidence from a number of full scale measurements of rotor power 
carried out for wind turbines such as those performed oil a 55 JkWj VESTAS 
15 [m) rotor at the Riso Laboratories in Denmark ( Viterna (1982) ) that for 
low TSR (i. e. high wind speeds) performance estimates made from BET lead to 
significant u ndcrprcd ict ions. This is usually ascribed to the so called stall delay 
effect, which was first reported by Himmelskamp (1945), who had documented 
it in an experimental study of a fan blade performance, and it is consequently 
also known as the Ilimmelskamp effect. It describes the phenomenon that on 
a rotating blade sta. 11 doesn't occur locally until higher angles of attack (AOA) 
than would be expected from 2D sectional acrofoil data. Figure (1.7) ( Scliliclit- 
ing (1979) ) shows sectional CL data measured by Himmelskamp oil a rotating 
fan blade. 

More recently, stall delay has been investigated ky a number of researchers in 

f4if 
-. 4 

ra-u 0. 
$I Y 

Figure 1.7: The Himmelskamp Effect 

controlled wind tunnel experiments in which cliord wise surface pressure distri- 
butions were measured at %-arious radial positions on a rotating wind turbine 
blade and subsequently compared to either measured or computed data for the 
2D characteristics of the blade profile section. From these static pressure distri- 
butions local normal and tangential force coefficients were deduced by integration 
using estimated %-alues for the local blade incidences. 

The results of measurements performed on a rotating blade of a 2.7[m] di- 
ameter wind turbine rotor presented by Craharn (1989) showed that the data 
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recorded at a number of span wise positions for the C1, variation with the local 
blade incidence cr agreed fairly well with data taken for the non-rotating blade 
while the blade incidences cz were well below the stall angle a,,.. of the static 
blade. At higher blade incidences at which the measured premure distributions 
of the static blade signalled stalled flow, however, the Cl, versus a curves de- 
rived for the rotating blade showed rather different characteristics from that of 
the static blade. The main difference was that while the static blade showed 
the expected reduction in post-stall lift the rotating blade sections in comparison 
revealed significantly increased values of QL and a much higher value of 
Correspondingly, the values of CL,,.. ý were much larger at all radial stations than 
those established for the static blade. Further, a strong dependency of CL,,. 
on radial position was noted, as a result of which CL,. at the blade root was 
significantly higher than near the blade tip. These results qualitatively resemble 
those originally measured by Ilimmelskamp for rotating fan blades. It was further 
reported in this study that the data deduced for the blade profile drag coefficient 
CDO varied to a lesser extent along the blade span. 

Similar wind tunnel measurements were carried out by Ronsten (1991) on a 
two bladed, 2.4[m] diameter wind turbine rotor. His findings agreed qualitatively 
with those of Graham and Brown and he concluded from this study that rota- 
tional effects suppress the loss of the leading edge suction peaks at high angles 
of attack (AOA) across a large portion of the blade span. It was observed from 
the recorded chord wise pressure distributions that for the inboard blade sections 
the eventual loss of the leading edge suction peak on the upper surface of the 
rotating blade was far more gradual than for the static blade. In contrast to the 
behaviour of the static blade, which subsequent to the sudden loss of the lead- 
ing edge suction peak showed a 'flat top' pressure distribution signalling stalled 
flow conditions, the distributions observed by Graham as well as Ronsten at high 
AOA indicated that over a significant part of the upper blade surface the flow 
was still attached as a result of which the blade ivas generating a considerable 
amount of lift. Figure (1.8) below shows an example of such a pressure distri- 
bution measured in a steady flow wind tunnel study at model scale by Graham 
(1989) at high AOA on a rotating wind turbine blade. Interestingly, these studies 
also found that the differences in the Cp-distributions on the lower surfaces of 
the rotating and non-rotating blade sections were comparatively small. 

Barnsley and Wellicombe (1991) discovered in experiments carried out on a 
I. O[m] diameter wind turbine rotor that a sudden drop in the derived rotor shaft 
power occurred at values of A for which the outer part or the blade, where the 
bulk or the driving torque is generated, had shown no signs of stall. From this 
they concluded that the decrease in rotor power N%-as due to a rapid increase in 
the blade drag coefficient, which they associated with the loss of the leading edge 
suction peak. In this context, attention %%as drawn to the importance of scale 
effects due to which the post-stall reduction in shaft power at model scale may 
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Figure 1.8: Stall Delay Pressure Distributions 

be expected to be higher than for full scale mv-liines operating at mucli higher 
Reynolds numbers. 

From the literature survey conducted in preparation for the research work 
which is a main subject of this thesis, it would seem that for some time there 
was no common consensus among the researchers working in the field for the 
explanation of the stall delay phenomenon described abo%v. 

Wood (1991) presented results of 3D potential flow calculations and argued 
from these that the apparent stall delay could be explained from purely inviscid 
flow analysis and was due to cascade effects. His computations were set up for 
a ducted, rotor geometry i%ith low aspect ratio blades and they produced chord 
wise pressure distributions which showed a reduction in the leading edge suction 
peaks in comparison to the relevant 2D section characteristics even for pre-stall 
AOA. As a result of this Wood concluded that the adverse pressure gradient on 
the upper blade surface was reduced and a consequent delay in boundary layer 
separation was inferred. 

McCroskey (1971) carried out surface flow visualisation studies of the bound- 
ary layer transitional behaviour on helicopter blades at model scale. The results 
of his work strongly suggested that while the boundary layer remains attached 
it is governed by chord wise pressure gradients rather than by Reynolds number, 
rotational or 0 effects. It was found, however, that there were appreciable cross 
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flows in regions near the leading edge when latninar separation bubbles occurred 
or in separated flow regions near the trailing edge. McCroskcys work did not 
produce any conclusive evidence of stall dehy. However, as is discussed in more 
detail below the extent of stall delay that occurs on a rotating blade depends tile 
locat ratio of bladc chord to radius (c/r), which for typical helicopter blades is 
small. 

Rawlinson and Smith (1990) attempted to model the flow over rotating blades 
computationally by using a first order panel method which was coupled to a 3D 
integral method boundary layer solver and a prescribed wake model. Gener- 
ally, the published results of this numerical study showed acceptable qualitative 
agreements for the predicted power of a wind turbine rotor when compared to 
experimentaLl results at low A. However, the computed chordwisc pressure distri- 
butions did not agree well with the corresponding experimental data at the blade 
leading and trailing edge regions. At prc-stall AOA the computations showed 
smaller lift curve slopes than measured in experiments and it was suggested that 
this may be due to the relatively low aspect ratio of the blades used for the study 
and that the agreement may improve for higher aspect ratio blades. Generally, 
this study did not allow conclusivc statements on the nature of the stall delay 
effect, though some features were qualitatively well reproduced by the numerical 
method, since there ivas ambiguous quantitative agreement with experimental 
data. 

On the whole, however, the majority view among researchers was in agree- 
ment with the explanation offered originally by Himmelskamp that stall delay 
is effected by radial flows which exist in the boundary layer of the upper blade 
surface and are driven by Coriolis forces. As a consequence of these radial flows 
the boundary layers become thinned out so that the adverse pressure gradients 
that caluse the flow to separate are locally reduced thereby postponing the stall. 

Milborrow (1985) provided a relatively simple theoretical analysis of the cen- 
trifugal forces acting on fluid particles in the boundary layer and the resulting 
radial mass flows of a rotating blade. This analysis leads to expressions relat- 
ing the local radial and stream wise velocity components of the surface flow. In 
qualitative agreement with results of wool tuft flow visualisation studies carried 
out on a 1.2[m] diameter fan, whicli showed sips of delayed stall, the derived 
theory suggested that radial velocities on the blade suction surface increase with 
chord wise distance, chord to radius ratio (c/r) and lift coefficient CL. Further, 
Milborrow drew attention to the existence of a span wise pressure gradient that 
promotes outward flow and is due to the increase of the dynamic pressure with 
radius. In his interpretation of these results it is argued that since the bulk of 
the flow near the hub is diverging -either under the action of pressure gradients 
or to clew the rotor hub or both- these blade sections operate effectively in yaw. 
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In 1994 the 'dynamic stall and 3D effects' research project for wind turbine 
aerodynamics was initiated under JOULE 11 funding. This project aimed to 
improve the understanding of the three-dimensional and unsteady effects which 
govern the stall behaviour of rotating wind turbine blades. It was intended to 
conclusively document the parameters on which the stall of wind turbine blades 
depends by conducting model as well as full scale experimental and nulnerical in- 
vestigations. These were carried out at a number of European research organisa- 
tions. Key results of the project were summarised, by Bjoerck (1996): Theoretical 
analysis performed at NLR using a quasi 3D viscous/inviscid matching procedure 
which successfully modelled the stall delay phenomenon confirmed that the main 
effects of rotation scale with (c/r). The chord wise pressure distributions which 
were produced in full 3D Navier-Stokes computations carried out at the Denmark 
Technical University for a constant chord untwisted blade revealed strong stall 
delay effects at the inner parts of the rotating blade. These pressure distributions 
were in good qualitative and quantitative agreement with those experimentally 
measured on a rotating blade model at post-stall AOA. The study concluded that 
the increased post-stall lift coefficients computed for the inboard blade sections 
were related to rotational effects and were due to Coriolis forces acting on fluid 
particles in the separated 3D boundary layer flow. 

Although the Wells turbine operates in much the same way as wind turbines 
do, geometrical quantities such as the rotor solidity a, blade aspect ratio AR and 
hub/tip ratio It are usually considerably different from those of a typical wind 
turbine rotor. As a result, the aerodynamic behaviour of a Wells turbine rotor is 
in some respects different from that of a wind turbine. 

Current Wells turbines which operate in OWC wave power devices are es- 
sentially high solidity machines with h typically ranging between 50% to 70%. 
Consequently, the rotor solidity is more sensibly described in terms of the swept 
annular area between the rotor tip and hub rather than the swept area of the 
blade tips alone which defines the tip solidity of the rotor at usually applied to 
wind turbine rotors. To this extent the aerodynamic performance of the Wells 
turbine may be expected to be more similar to that of conventional high solidity 
axial flow turbomachinery. As discussed above, the cascade effects strongly influ- 
ence the pre-stall performance of the rotating blades on a Wells turbine. Since the 
predominantly inviscid prediction methods applied to date to the analysis of the 
Wells turbine performance are not very useful in the study of separated cascade 
flows little published data which documents the post-stall effects of a is available. 

Further differences to the aerodynamic behaviour of wind turbine rotors arise 
because of the fact that typically the blades of a Wells turbine rotor are of fairly 
low AR due to the comparatively large, %-alues of h. In this context Ragunathan 
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(1995) I= commented qualitatively on the importance of effective leading and 
trailing edge sweep angles for the stall behaviour of the low AR, rectangular plan 
form Wells turbine blades. These sweep angles result from the fact that the lead- 
ing and trailing edge lines are not on a radial line through the centre of rotation 
and are more severe for low AR blades. 

It can be seen from these considerations that at the start of the current re- 
scarch work it was not obvious to what extent the in the meantime well docu- 
mented understanding of the important steady flow mechanisms that govern tile 
stall of wind turbine rotors were transferable to the Wells turbine and, thus, ex- 
actly to what extent the stall delay phenomenon would be important on a Wells 
turbine operating in steady flow. 

1.2.2 The Performance of The Wells Turbine in Unducted 
Flow 

As mentioned above novel offshore applications of the Wells turbine might place 
the device directly in the sea Nvaves. Typically in these applic'nations the turbine 
might be arranged as a single- or multistage buoy type device in which the tur- 
bine rotor is suspended vertically from a float and would be driven by the orbital 
flo, %, %-s beneath tile waves. 

In contrast to ducted applications in an ONVC there is no pneumatic gearing 
of the flow in this arrangement and flows would tend to be of low to moderate 
KC. The main difference between the flows for the ducted and unducted turbine 
rotors is that in the latter case the %vrtex wake has a greater effect on the perfor- 
mance, since the flow can pass around as well as through the turbine rotor. The 
flow structure for the unducted turbine operating in low to moderate amplitude 
oscillatory flow may be anticipated to have similarities to low KC flow past non- 
porous flat plates, which shed a peripheral %vrtex ring that generates appreciable 
back flow on each half cycle ( de Bernardinis (1981) ). 

The hydrodynamic performance of the Wells turbine in such flonrss, and the 
flow structures on which it depends have not been studied previously and as a 
result there is no performance data available. 

Also in the case of the flow around the unducted turbine, where interactions 
with the returning wake of the previous half cycle are important, no theoretical 
analysis similar to the BET or the actuator disc theory for turbine rotors in uni- 
directional flow has been developed to predict the rotor performance. 

18 



Though, the wake structure in the case of an unducted Wells turbine operating 
in small KC oscillatory flow is considerably different from that of a ducted Wells 
turbine operating in quasi-steady, large KC oscillatory flow, the fluid mechanic 
behaviour of the local blade sections is comparable for the two applications. If it 
is assumed that in both cases the unsteady flow effects arc comparable, then tile 
aerodynamic characteristics of the rotor blades for an unductcd Wells turbine arc 
governed by the same phenomena as thosc of the ductcd Wells turbine. It is clear, 
therefore, that the stall delay and cascade effects discussed above for a ductcd 
Wells turbine arrangement are also important for the aerodynamic performance 
of the blades of an unductcd Wells turbine. 

Research Objectives 

Ile aims of the thesis work were: 

To experimentally measure the stall of a rotating bladc operating in a 
typically configurcd ducted Wells turbine arrangement in steady, 
unidirectional flow. 

To, from these measurements, gain an improved understanding of 
the steady stall behaviour of the NVclls turbine and, in particular, 
establish the importance of the stall delay cffect. 

To develop a physical understanding of the Wells turbine 
perfonnancc in unducted oscillatory flow. 

To doc=cnt the NVclls turbine performance through nurncrical and 
experimental study. 
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Chapter 2 

The Wells Turbine Performance 
in Ducted Flow 

The research work reported on in this chapter was intended to contribute to the 
understanding of the aerodynamic performance of the Wells turbine in a ducted 
arrangement which is typical for current prototype shoreline and off-shore OWC 
wave power plants. 

Much research of the Wells turbine performance in such an arrangement has 
already been performed by other researchers as discussed earlier using mainly 
blade element theory, which predicts the aerodynamic performance of the tur- 
bine rotor from the relevant 2D-aerofoil data, as well as model scale experimental 
measurements of the turbine shaft power. As also discussed in the introduction 
of this report, the agreement between the experimental data and the theoretical 
predictions of the power of a Wells turbine for low rates of airflow through the 
turbine duct on the whole has been found to be fairly good. For this operational 
regime, therefore, the Wells turbine aerodynamic behaviour is considered to be 
fairly well described by the blade element theory which is usually applied with- 
out modifying the aerodynamic characteristics of the blade sections for rotational 
effects. 

For wind turbines it is known that the aerodynamic performance is under 
predicted by blade element theory in high winds (i. e when the rotor is operating 
at a low tip speed ratios) for which the resultant flow incident to the local blade 
sections would, from the known aerofoil characteristics, be expected to separate 
from the blade surface. The numerical and experimental research work by a num- 
ber of researchers which has been discussed in detail above has shown that this 
discrepancy is caused by the so-called stall delay effect which relates to radial 
flows, in the boundary layers of the rotating blade. 

Iv- rur the Wells turbine operating in quasi-steady flow through a close fitting 
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duct no experimental work equivalent to that performed for unducted wind tur- 
bine rotors has been carried out to (late. Since in most experimental work carried 
out for the Wells turbine to date the turbine shaft power has been measured di- 
rectly, the radial mariation of the aerodynamic characteristics of tile rotor blades 
has had to be inferred from blade element theory. This approach does not allow 
a direct experimental validation of the basic blade element theory and the linear 
cascade theories used for the performance prediction of the ducted Wells turbines. 
Flurther, there is evidence that the stall behaviour of the Wells turbine is not well 
predicted by the conventional theory. 

In analogy to the experimental work carried out for wind turbine rotors the 
work reported on in this chapter was, therefore, aimed at providing a more direct 
documentation of the radial variation of aerodynamic diaracteristics of a rotating 
NWIls turbine blade paying particular attention to the stalling behaviour. Gen- 
erally, therefore, this work was intended to allow more detailed comments on the 
validity of the conventional theoretical approaches to the performance prediction 
of ducted Wells turbines to be made. 

2.1 Research Objectives 
The main research objective of the work reported on in this chapter was to 
experimentally study the span wise variation of aerodynamic performance char- 
acteristics of a rotating blade of a typically configured ducted Wells turbine rotor 
in unidirectional, steady airflow. The effects of rotor solidity and hub to tip ratio 
were also to be studied. In particular, the turbine stall previously not well un- 
derstood NN-as to be investigated at a number of radial stations along a rotating 
blade and was to be compared to the stalling behaviour of the static blade. 

2.2 Experimental Procedure 

2.2.1 General 

Efforts to optimise the performance of the Wells turbine have led researchers to 
incorporate a number special features into the rotor design such as guide vanes, 
blade taper, blade thickness taper, as well as blade sweep. The effect of these 
on the Wells turbine performance has been studied in a number of single and 
multistage arrangements. For the current study, which mainly aimed to estab- 
lish some fundamental aerodynamic characteristics of the Wells turbine rotor by 
focusing on the stall behaviour, it %N-as felt that there was no particular merit 
in including any of the above features. In fact, there was a strong feeling that 
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their inclusion would only complicate the interpretations of the test results. It 
was decided, therefore, that the experimental work should be conducted oil tile 
simplest Wells turbine configuration. This is represented by a mono plane rotor 
comprising straight, constant chord blades, which are unswept about the Inid 
chord line. 

In line with the conventional approach chosen by numerous researchers for 
the experimental study of the Wells turbine per fort nzince at model-scale the wind 
tunnel experiments were designed and carried out for steady, incompressible, uni- 
directional flow conditions. Effects due to the oscillatory nature of the incident 
axial flow as encountered by the Wells turbine in an OWC were thus not explored 
in the wind tunnel study. 

Following the example of the experimental investigations of the stall delay 
phenomenon on model wind turbine rotors mentioned in the previous report 
section it was decided to document the local flow conditions for a range of tip 
speed ratios by recording the chord wise pressure distributions at various radial 
stations on one rotating blade. The corresponding normal and tangential force 
coefficients could then be derived by integration of the local pressure distribu- 
tions. This experimental method was favoured over rotor torque measurements, 
because it allowed a more direct analysis of the contribution of individual blade 
sections to the shaft power. 

2.2.2 Wind Minnel Set-Up And Flow Calibration 
The turbine was configured and designed mechanically as described below to be 
compatible with the cross sectional dimensions of the test section of a number of 
the low-speed wind tunnel facilities of the Imperial College Aeronautics depart- 
ment. 

The flow blockage posed by the turbine %-as anticipated to be rather high. 
Consequently, there was some concem about the ability of the departmental 
closed circuit wind tunnels to generate stable axial flows against these high lev- 
els of blockage. It was felt, that in the worst circumstances the turbine might 
even cause the tunnel fan to become stalled. Further disadvantages of the closed 
circuit tunnels related to the test section accessibility. This was carefully consid- 
ered in the context of the potentially rather extensive turbine and duct rigging 
procedures. 
Eventually, a blow-doivn tunnel was chosen, which is usually set-up with an 18 

inch square test section. This particular tunnel was chosen because of its pow- 
erful backurazd aerofoil centrifugal blower, its accessibility and not least because 
testing time was easily available. The blower %%-as fully controllable at low as well 
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Figure 2.1: Blow Down Wind Iýmnel Arrangement 

as high wind speeds and capable of generating a high pressure low speed flow 

without stalling. 

The rotor diameter of nominally 0.74 [m] of the Wells turbine designed for the 
experiment was too large for the 18 inch square test section. This was removed 
and was replaced by a purposely designed and built diffuser/duct arrangement. 
The straight tapered inside walls of the diffuser were inclined at nominally 4 
degrees and created a cross sectional transition between the diffuser inlet and 
outlet faces from 18 inch square to 30 inch diameter round. While at one end the 
aluminium turbine duct was flanged and cantilevered from the diffuser, it was 
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supported at the other end by a 30 inch square test section. This had been taken 
from an existing departmental wind tunnel and served to fitabilise the exit flow 
downstream of the turbine rotor. Figure (2.1) shows an upstream view of the 
arrangement. 

Using a pitot-static probe the velocity profile was traversed inside the empty 
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Figure 2.2: Duct Dynamic Pressure vs. Contraction Dynamic Head 

turbine duct over a range of flow speeds and was found to be uniform outside the 
u-all boundary layers to within nominally 2%. The boundary layer thickness on 
the duct Nýalls from these measurements ivere estimated to be less than 30[mm]. 
As further part of the tunnel calibration the flow in the annulus between the 
duct and the turbine nacelle was monitored with the blade-less turbine in posi- 
tion. Figure (2.2) shows the ratio between the dynamic head in the rotor plane 
and the dynamic head in the exit plane of the tunnel contraction. The former 
was measured on the centre line of the flow annulus in the rotor plane while the 
latter -was deduced from a measurement of the static pressure drop across the 
tunnel contraction. 

It is evident that over the range of wind speeds shown the dynamic head ratio 
was constant. The corresponding ratio of flow velocities was approximately 3% 
higher than expected from continuity of mass flows between the contraction exit 
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and the plane of rotation. This suggested that friction lmsscs in the difruser were 
small and that the associated boundary layers on the tunnel walls and turbine 
nacelles were thin. 

Previous to the actual turbine testing the blower performance was verified in 
blockage tests. In these the centre line duct velocity that the blower could gen- 
erate against a uniform resistance was measured. The resistance was generated 
by a number of gauze screens placed normal to the flow. It was found that for a 
resistance ratio of 2.5, which relates the pressure drop across the resistance to tile 
dynamic pressure of the flow ahead of it, the blower could sustain the test speeds 
of 13 [m/sj at approximately 50% of its maximuni power. This was regarded as 
more than adequate for the envisaged tests. 

2.2.3 Turbine Conceptual Design 
In the conceptual design stage of the turbine model a number of defining geo- 
metric quantities - such as the rotor diameter Dr, the number of blades n, the 
blade chord c, the rotor solidity a, the hub/tip ratio h and the blade profile- and 
operational parameters -such as the design RPM, the tip speed ratio A, tip Mach 
number Alai and the blade Reynolds number- needed to be decided upon in order 
to arrive at a suitable turbine configuration and turbine operation that allowed 
all experimental aims to be achieved. Since these geometric and performance 
parameters are interrelated and they needed to be harmonised in trade-off stud- 
ies. Cenerally, the configurational design aimed to produce a rotor lay-out and 
turbine operational characteristics that were typical for the prototype machines 
currently being researched by other institutes (eg. the shoreline OWC device at 
Islay run by Queens University, Belfast). 

The rotor diameter was chosen to be compatible with the cross sectional di- 
mensions of a number of low-speed wind tunnel test sections of the Aeronautics 
department of Imperial College. In the design process diameters between 0.50 
[m] and 1.50 [m] were considered to be realistic. Rom a survey of published Wells 
turbine model scale performance data it N%-as apparent that typical operational 
values of A for OWC devices range between approximately 10 and 3. Allowance 
N%-as made for the fact that in the current experiment A values of less than 3 pos- 
sibly needed to be achieved in order to comprehensively illustrate any anticipated 
stall delay effects in the blade root region. 

In an effort to promote stable interactions between the tunnel blower per- 
formance and the turbine operation it was decided to run the rotor at constant 
RPM throughout the tests so that the required %-ariation of A was achieved by 
adjusting the wind speed generated by the tunnel blower. Subsequent design 
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iterations which compromised the value or RPNI, Dr and design wind speed V, 
ensured that at the highest values of A the tip Mach number was incompressible. 
lFurther, the RPNI was chosen so that at the lowest design A the required wind 
speed was not excessive, thereby avoiding extreme demands on the available tun. 
nel blower power. At the highest values of A the required tunnel speed was to be 
well within the stable range of the tunnel blower control. 

Since it was intended to v-ary a (luring the experiments by changing the num- 
ber of rotor blades a possibly large number of blades seemed desirable, which 
would allow a to be adjusted within a sensible range. The maximum number of 
blades and the blade chord wcrc, eventually, also choscn to produce model rotor 
geometries that werc typical for current prototype Wells turbines. In order to 
maximise the test Reynolds number for the cliosen design RPM a large blade 
chord was favoured. Also, on a more practical level, this design choice enabled a 
greater number of pressure tappings to be installed on the instrumented blade. 

The NACA0015 section was chosen as the blade profile, since its two dinien- 
sional characteristics have been extensively documented over a wide range of 
Reynolds numbers in computational and experimental studies and its aerody- 
namic behaviour is, therefore, well understood. In particular, this profile was 
chosen because it is used in the Wells turbine rotor of the Islay wave power de- 
vice. 
Summarised below are the main geometric and operational parameters which 
define the model mono plane Wells turbine and its design performance in the 
experiment. 

Turbine Geometry: 

turbine diameter DI: 740.00 (mm] 
blade profile: NACA0015 
blade chord c. 120.00 [mm] 
hub/tip ratio h: 0.560/0.650 
number of blades n: 2/4/8 
tip clearance: nom. 3 [mm] 

n h at a 
8 0.560 0.412 0.590 

0.650 
1 

0.500 
4 0.560 0.206 0.264 

0.650 0.250 
2 0.560 ý 0.103 0.132 

10.650 O. lT2 

26 



where at = (ric)/(7rD, ) and a= (nc)/(7rrjjp(l + h)] 

Performance/Operation: 
RPNI = 1200 = constant 
TSI?,,, i,, = 3 
TSR .... .= 10 
VXmin= 

-1.5 [III/sl 
V. Vma. t= 151111/8) 

22.2.4 nirbine Control 
The turbine needed to be controllable over the full range of experimental tip 
speed ratios. On the one hand, this required the turbine to be driven, when 
the power extracted from the airflow Nvas insufficient to sustain rotation at de- 
sign RPM. However, when the turbine was operating at high efficiency the shaft 
power produced was potentially such that, if left uncontrolled, the turbine may 
have tended to accelerate beyond the design RPM. To prevent this so called tur- 
bine 'run-a%vay' a method of braking the turbine was required. 

In previous experimental work by Graham and Brown (1991) carried out in 
the Aeronautics department of Imperial College a3 (hp) controllable dc- electric 
motor, the maximum output shaft RPM of which %vas reduced to 400 by a 4/1 ra- 
tio gear box was used to drive a 2.5 [m] diameter wind turbine rotor at 200 RPM. 
It was found in the course of this work that the inherent gear box resistance pro- 
, %rided adequate protection against over speeding for most wind speeds at which 
tile turbine was tested. By introducing a 1/3 gearing this motor could be used 
to provide driving power to the NN"ells turbine at the design RPhl of 1200 and 
also provide some means of controlling potential over speeding. The maximum 
shaft power estimated for tile Wells turbine model was found to be similar to 
that extracted by the wind turbine model rotor in the experiments conducted by 
Graham and Brown. Though, this suggested that the gear box resistance would 
suffice as a control mechanism, a LUCAS 12-V car alternator, by means of which 
regenerative braking could be exercised was incorporated in the turbine design 
as an independent control device. 

2.2.5 Mechanical Design And Manufacture 
Generally, the mechanical design process was driven by requirements of structural 
strength, component accessibility for purpose of configurational modifications 
during testing, ease of manufacture/assembly and low cost. Figure (2.3) shows 
the general arrangement of the main mechanical turbine components. 
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Figure 2.3: Turbine Component General Arrangement 

The main structural frame was designed in steel with support legs which 
are bolted directly to the floor of the test laboratory to uncouple the turbine 
mechanically from any vibrations of the tunnel itself. Since the drive motor 
would not fit inside the turbine nacelle it was mounted beneath the turbine and 
the tunnel test section on a separate support frame and was connected to the 
turbine drive shaft via a 3/1 belt drive system. The 30 [mm] diameter steel drive 
shaft was stressed for whirling and a worst case quasi static loading resulting from 
imbalanced radial forces which would occur in the case of a sudden blade fracture 
at maximum RPM. The turbine blades where stressed for bending forces which 
were estimated from a blade element computation and for the significantly greater 
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centrifugal forces. The blade bending forces were reacted by the rotor huh by a 
clamping arrangement, while the bulk of the axial forces due centrifugal loading 

were reacted for each blade by two MIO bolut. Figure (2.4) shows the blade/hub 

arrangement in which the blades were, therefore, effectively cantilevered froill tile 
root. 

Figure 2.4: Blade / flub Arrangement 

The blades were designed to be lightweight and were constructed for stiff- 
ness with a GFRP skin and a tapered CFRP spar which was bonded to the 
skin directly. Using two female GFRP half-moulds, which were shaped from a 
wooden master blade, the upper and lower blade surfaces were manufactured 
separately and were subsequently bonded together at the leading and trailing 
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edges. One of the blades had 20 copper tubes of 0.145 [in] diameter, which were 
embedded in the GFRP skin during the lay-up process at Specified chord wise 
positions. Subsequent to the curing process the copper tubes were visible through 
the transparent polyester resin and static surface prmure tappings were drilled 
at 6 radial stations. This arrangement for the pressure tappings was favoured 
over the possibility of installing discrete pressure tubes for each tapping, which 
would have complicated the manufacture of the instrumented blade. However, 
in this opping arrangement it was necmary in order to measure the chord wise 
surface pr mute at only one radial blade station to temporarily seat the prmure 
tappings at all other radial positions. 

Two nose cones which were half-ellipsoids in cross section along the axis of 
rotation and which had a 0.48 [m] and a 0.42 [m] diameter respectively giving 
diameter to length ratios DhILh of 1.1 and 0.9 were designed and constructed in 
GFRP- A wooden attachment ring was designed via which the nose cones were 
attached to the metal rotor hub. The rotor hub was designed in detail for CNC 
machining and %vas manufactured from mild steel. 

Two cylindrical nacelles equal in diameter to that of the respective nose cones 
were designed and built in aluminium. They were attached to the main turbine 
frame on the downstream side of the rotor leaving a clearance gap between the 
rotor hub and the nacelle edges of nominally 3 [mm]. 

2.2.6 Data Acquisition System 
Figure (2.5) schematically depicts the implemented data acquisition system. The 
system configuration and the equipment selection A%cre crucially determined by 
the assumption that surface pressures on the rotating blade were quasi-steady 
and that, therefore, time-averaged static pressure measurements meaningfully il- 
lustrate local flow conditions. Similar model-scale wind tunnel studies in which 
the incident flow speed A%-as controlled have been carried out for wind turbine ro- 
tors (eg. Barnsley and Wellicome (1989) ) and have sho%%m that this is, generally, 
an acceptable assumption given that the incident flow is steady. 

The hub mounted pressure scanning system comprised of a 48-port scanivalve 
and a RDP electronics MLP 75 [mbar] differential pressure transducer, which has 
a specified repeatable linearity of +/- 0.25 %, a gain temperature coefficient of 
+/- 0.002% per degree C and a frequency response of 150 [11z]. The scanivalve 
was triggered externally ky a5 IV] pulse generated by a computer driven con- 
troller and acted as a pneumatic multiplexer transmitting incident blade surface 
pressures to the pressure transducer. A support arrangement was designed and 
manufactured to allow the scanh-alve and tile pressure transducer to be mounted 
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Figure 2.5: Data Acquisition System 

on the rotor hub in line with the rotational axis so that they were not sub- 
jected to any centrifugal loading. Care was taken in the design of this mounting 
arrangement that the resultant orientation of the transducer membrane was per- 
pendicular to the axis of rotation as a result of which there was no transducer 
output due to any forces other than those acting due to the transmitted pressure. 
Figure (2.6) shows the general arrangement of the pressure scanning system. 

The +/- 15[VI dc power supply and the discrete 5 [VI trigger pulse required 
for operating the pressure transducer and the scanivalve were transmitted to the 
rotating hub through an IDNI 11/1308-20 silver plated 8 channel slip ring/brush 
assembly. The low noise performance of this slip ring system, specified by the 
manufacturers as nominally 60 [ju V] per [mAJ current at 10.000 RPM allowed the 
transducer output to be passed through the slip rings without significant distor- 
tion or the means signal. The use or the slip rings for all required input/output 
signals and power supply transmissions to and from the rotating hub meant that 
the number of hub-mounted components was kept to a minimum and that all sig- 
nal conditioning was performed using standard laboratory equipment on a static 
test tig. As a result, the achieved system reliability i%-as extremely high through- 
out the experimental work and required no further maintenance or calibration 
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Figure 2.6: The Instrumented Rotor 
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once it had been set up. There wws no noticeable degradation of tile slip ring 
performance due to wear over the period of testing. 

The analogue transducer output was amplified at gains of up to 50, filtered for 
electrical noise anti digitally recorded on a Dell 38G. PC. The A/D conversion of 
the filtered signal was performed by a Scientific Solutions Inc. 'Labmaster' data 
acquisition board which was controlled through the PC using specially written 
FORTRAN routines. It was assumed that the highest frequencies of any signif. 
icant transducer signal fluctuations caused by unsteadiness in the blade surface 
pressures would be related to the rotor RPM, which in the tests was constant at 
around 13-15 111z]. The transducer signal was thus recorded at a sampling rate of 
100 [11z) in order to ensure that all important features of the instantaneous blade 
surface pressure %-ariation were recorded in sufficient detail. Typically, in the tests 
carried out the transducer output for each pressure tapping was recorded for a 
period of 5 Isec], so that 500 readings of the instantaneous blade surface pressures 
were recorded. 

For the measurement of the turbine shaft RPM and hence the blade angular 
velocity an optical tacho was installed that generated a sequence of 4[VI pulses 
the length of which was in proportion to the RPM. The tacho consisted of a shaft 
mounted rotary disc that had 50 holes equally spaced around its circumference 
and a static optical device attached to the turbine frame. The output of the op- 
tical tacho required no further signal conditioning and was transmitted directly 
to the A/D conversion board. By counting the number of pulses over a known 
period of time the pulse frequency and the rotor RPM were deduced. 

2.2.7 Experimental Method 

As stated in the introduction to this chapter the main aim of the experimental 
investigation ivas to establish the radial %-ariation of the stall characteristics of a 
rotating NACA0015 sectioned Wells turbine blade and compare it to those of a 
non-rotating blade. 

On an acrofoil section or finite AR wing thcstall, which is associated with full 
or partial separation of the boundary layer, is usually studied in terms of the CL 
-t-ariation with flow incidence ct. In particular, the stall for conventional aerofoil 
shapes such as NACA0015 is usually identified by the occurrence of a maximum 
in the Cr, vs. a curve and a rapid rise in the drag coefficient CD. 

The study of the stall of the rotating blade, therefore, required the mea- 
surement of CL and CD over a range of incidences. These force coefficients are 
related to the local tangential Or and normal force coefficients CN through a by 
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equations (2.1) anti (2.2) . 
CL, = cNsifla - Croosa 

(2.2) CD 
--2 

CJVCOSa 
- CTSiflCk 

Cr and CN may be obtained from the chord wise Cp distributions by integral 
equations, which are gi%vii below in their finite difference form for a trapezium 
rule integration: 

"taps 

(2.3) ON = -0-5 E (CPn+l + CP. )(Xn+l - Xn) 
not 

ntaps 
(2.4) cr = -0.5 

F, (Cpn+l + cpn)(Yn+l 

n=l 

where ntaps is the number of pressure tappings and x, y are the coordinates of 
the blade surface pressure tappings in a blade frame of reference. 

It is important to note that CD estimated from the static surface pressures 
does not account for the component of drag which is due to surface friction. 
Therefore, the derived CD values are not really expected to be a quantitatively 
satisfactory measure of the profile drag cocfficient until there are large flow sep- 
arations. 

The experimental error inherent in this method of deriving the local force 
coefficients is to a large extent dependent on the number of pressure taps as Nvell 
as their location. In particular, failure to record the peak suction pressure Cp,,, i,, 
close to the leading edge may lead to appreciable underestimation of CL. The 
values of CDare also very sensitive to the trailing edge pressure, which %vas not 
recorded in the experiment because of the impracticality of fitting pressure taps 
into thevcry thin trailing edge of the blade. As a compromise, in the numerical 
integration the trailing edge Cp was artificially set to a value midway between 
the, %-alues recorded for the rear most taps on the upper and lower blade surfaces. 

The sectional characteristics of the static turbine blade, in contrast to which 
the aerodynamic behaviour of the rotating blade %%-as to be studied were measured 
experimentally using the actual turbine blade in a static arrangement. This data 
provided a more valid basis for comparison than published NACA0015 acrofoil 
data resulting from numerical or experimental studies. 

It was shown earlier that for a blade section located at a radial distance r 
from the axis of rotation the local 'geometric' incidence ct is related to the axial 
inlet velocity V,, and the tangential velocity Ut = Or, incident on the rotating 
blade by tancr = V. 1Uj- The geometric incidence ct was therefore determined 
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according to the above expression from direct inemurcinents of incall vallics for 
V alicad of the turbine rotor and Ul. x 

However, the effective incidence a., seen by the blade must include the effect 
of the swirl velocity v, which acts in the circumferential direction and is induced 
in the plane of the blade rotation ky the rotor wake and any induced changes in 
axial velocity. The variation of the induced axial velocities and the constraints to 
which this is subject has already been discussed in the introduction chapter. As 
pointed out earlier in the report, the main effect of the v, is to reduce a so that the 
blade secs an efrectivc effective incidence a,. Some theoretical analysis was also 
given earlier which related v, to CL and (c/r) and the downstream Variation of v, 
was briefly discussed. The swirl cffect is difficult to quantify without conducting 
an extensh-c experimental investigation due to the complexity of the rotor wake 
structure. Nevertheless, subsequent to the basic pressure measurements on the 
rotating blade, some attempts wcrc made to experimentally measure v', to estab- 
lish the importance of swirl to the pressure measurements. These experiments 
arc discussed separately later. 
The dynamic head of the incident flow was measured using a pitot-static probe, 

C 

fk-t 

Figure 2.7: Axial Inflow Velociky Profile 

which was placed approximately 4 blade chord lengths upstream of the rotor 
at the inlet of the turbine duct. The output of the probe %%ras read on a Betz 
manometer and -. %-as calibrated against the contraction pressure drop over a range 
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of flow rates. The calibration was carried out for rotor configurations comprising 
0,2, -1 and 8 blades, which ascertain"I that the reading was not influenced by 
the local blade circulation. Vz was deduced from the probe reading by assuming 
continuity of mass flows between the duct and the rotor annulus. Figure (2.7) 
illustrates the radial mariation of VzlUt(tip) measured ahead of the 8 bladed rotor 
using a pitot-static tube. The rotor was operating at a nominal tip speed ratio of 
5.9 and it can be seen that except near the tip the flow is approximately uniform. 
It can be noted froin this figure that closer to the rotating hub (r/rj = 0.650) 
the values of IZlUt(tip) arc increased by approximately 5 %. This increase may 
relate to the rotating boundary layer of the rotor hub. Ul was deduced directly 
for a given radial location r from a measurement of fl. 

The blade surface pressures pud. were measured sequentially using the scani- 
valve/differential pressure transducer arrangement, mounted centrally on the ro- 
tating hub. The reference pressure port of the transducer was left unconnected, 
so that all pressures were measured relative to the ambient pressure inside the 
nose cone during testing ic. Ap = pud. - It should be realised that the 
choice of reference pressure does not affect the derived values for CL and CD. 
In any case, an attempt was made to approximately measure p., by placing a 
pressure tube close to the open rear face of the rotating hub inside the turbine 
nacelle. A differential pressure was formulated to the static pressure just ahead of 
the rotor, which was measured by static pressure tappings in the duct wall. This 
differential pressure Ap2 = p,.,, - p, ta was added to Ap. In this way pud,, was 
nominally referenced to the free stream static pressure, which allowed a definition 
of the pressure coefficient Cp, which is compatible with that for the static blade 
tests: Cp = (pbld,. - pgt)1(112plV2) . 

As pointed out by Graham and Brown (1991) the pressure sensed by the 
transducer in this arrangement consists actually of two components. One of these 
is due to the blade static surface pressure pu,, u while the other is of opposite sign 
and is due to the centrifugal pressure p, acting on the column of air in the pressure 
tube connecting the blade tapping and the transducer port. It can be shown that 
p, = (1/2)p(fl(r- ro ))21 where r is the radial distance of the pressure tap from the 
centrc of rotation and ro is that of the transducer. For the chosen experimental 
set up ro was nominally zero, so that, in this case, p, is approximately equal to the 
local dynamic head. In the experiment p, was calculated for each radial station 
and added to pud, before formulating the blade surface pressure coefficient Cp 
as 
(2.5) Cp = 

(14 + J42 + Pz) 
1/2plV2 
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2.2.8 Sequenice or IvIenstirements 

Berore each measurement the pressure taps at all radial stations were covered 
using chord wise continuous 19 Imin) wide strips or seno tape, wmcii was 0.0635 
Imml in thick-nem Leak tests, whidi confirmed that all taps had been adequately 
scaled, were perforniml by spinning the rotor at 800 RPNI in a nominal axial air 
stream and recording the transducer output ror all taps. Subsequently, the tape 
wwq temoml at the radial station at which flow measurements were to be carried 
out. 

When all pre-test cliecks of the turbine apparatus and measurement system 
had been completed the turbine was run up to operational RPM with the tunnel 
blower switched olL The tunnel was then acti%-ated and a low wind speed was set. 
The pressure drop across the tunnel contraction and the dynamic head measured 
by the pitot-static probe in side the rotor duct were monitored to judge when 
incident flow conditions had settled. 

Once the tunnel conditions were stable the scani%ralve was homed and a zero 
differential pressure reading was taken from the pressure transducer. Tile airflow 
temperature in the tunnel contraction and the ambient pressure in the labora- 
tory were recorded and used to compute the density of the airflow. When the 
rotor RPM and the dynamic head of the airflow in the duct had been recorded 
the pressure measurement was initiated and was controlled by specially writ- 
ten FORTRAN 77 software, which operated in conjunction with the 'Labmaster' 
hardware. 

For each pressure tap the gain of the pressure transducer output amplification 
was adjusted to give the highest possible signal within the +/- 10 [VI range ac- 
ceptable to the A/D hardware in order to optimise, the sensitivity of the pressure 
measurement. At the end of the pressure scan further reference readings of the 
zero differential pressure transducer output po %were taken to allow any drift of 
experimental conditions to be accounted for. 

The above testing sequencewas repeated without stopping the turbine which 
ran at constant RPNI during a particular set of pressure measurements for dis- 
crete increases in wind speed. By increming the wind speed in subsequent pres- 
sure scans the turbine tip speed ratio %%-as progressively reduced and the blades 
were gradually taken into the stalled flow regime. When the highest wind speed 
setting had been reached it mas gradually reduced in successive measurements, 
which aimed to establish any stall hysteresis effects. 
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Data Atinlysis 
A number of FORTRAN 77 routines were written to handle all primary data 
analysis at the end of each individual pressure scan were incorporated into tile 
data acquisition prograin which was run on a Dell-386 PC in conjunction with 
the Scientific Solutions Ltd. 'Labinaster' A/D conversion hardware. 

On the assumption that the electrical drift of the transducer signal varied lin- 
early between the beginning and the end of a particular pressure scan, the code 
formulated an average value for the N readings taken before and after Cach pres- 
sure man. Roin the measured instantaneous transducer outputs inean voltages 
were calculated for each prmure tapping. 

The measured transducer calibration factors were applied by the data analysis 
code which included the averaged values of po as an offset voltage to obtain the 
measured surface pressures pu. & in [mbar). Purther, p, was calculated from the 
measured rotor RPM and Cp values were formulated according to equation(2.5) 
above and saved as an ASCII data file . 

From the derived Cp values and the tapping coordinates the local normal and 
tangential force coefficient Cv and CT were computed by numerical integration 
according to equations (2.3) and (2.4) and written to an ASCII data file. 

2.3 Results 

2.3.1 Pressure Xleasurements on The Static Blade 
The turbine blade was tested in a static arrangement in the 3 (ft) x2 [ft] rectan- 
gular test section of one of the closed circuit wind tunnels of the Imperial College 
Aeronautics department. The tests were carried out at a number of different 
Reynolds numbers Re = (V.. c)lu ranging between 0.2eG to 0.3e6. In order to 
a%vid any 3-dimensionalities or the incident flow, which might have occurred due 
to non-uniform test section blockage posed by the low aspect ratio blade, a ver- 
tical dividing wall (end plate) was fixed in the test section close to the blade 
tip. This dividingwall extended approximately 4.5 blade chords upstream and 
downstream of the blade. The arrangement is schernatised as an upstream view 
in figure (2.8) . While the blade surface pressures were measured at the mid span 
position for AOA between 0 degrees and 28 degrees using a multi-tube alcohol 
manometer, the blade AOA was measured with an inclinometer placed on the flat 
surface of the blade attachment. The data u-as not corrected for any blockage 
effects since these were estimated to be negligible due to the low blockage area 
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ratio of the blade ( clit = 0.13 ). 
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Figure 2.8: Static Blade Wind Tunnel Arrangement 

Figure (2.9) compares the Cp distribution for Re = MUG measured at nomi- 
nally 0 degrees AOA to the potential flow Cp distribution for a NACA0015 section 
given by Abott and %vn Doenhoff (1959). The evident differences are due to the 
boundary layer effects which are not amounted for in the inviscid potential flow 
result. There is an indication that the actual blade incidences are slightly less 
than zero degrees for the experimental data shown. 

Figures (2.10)-(2.13) below show the measured vrariation of chord wise Cp 
distributions with AOA. These figures illustrate clearly the 'peaky' type pressure 
distributions, which are typical for the NACA0015 nerofoil section and which for 
high pre-stall AOA ha%, e a distinct minimum value Cp,,, i,, close to the leading 
edge in a very localised high suction region on the upper blade surface. At the 
tested Re the blade sections sustained fully attached flow up to nominally 12 
degrees AOA for which approximately (jPmin ý-- -3.4. It is clear in figures (2.10) 
and (2.11) that for most AOA CPmin and the leading edge stagnation pressure 
were not quite recorded with the chosen distribution of pressure taps. As a result, 
it may be expected that the Cr, data derived from the measured Cp distributions 
underestimate the sectional blade lift. 
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Figure 2.9: Zero Degrees Experimental And Potential Flow Cp-Distributions 

Between 13 degrees and 14 degrees the blade suddenly stalled, which resulted 
in a region of near constant Cp over the entire upper surface and remains virtu- 
ally unchanged for any further increases in AOA. This stall behaviour is symp- 
tomatic of a strong laminar leading edge separation, which would be expected 
for a NACA0015 section operating in the tested range of Re from published clas- 
sical aerofoil theory and experimental data given by eg. Abott and v. Doenhoff. 
Though, it is apparent that the leading edge separation dominates at these Re, 
the Cp distributions suggest that, to a lesser extent, there is also some trailing 
edge stalling due to the thickening of the blade boundary layer. 

Figures (2.14) and (2.15) show the variation of the sectional force coefficients 
CL,, CD, CT and CN derived by integration of Cp according to equations (2.1) - 
(2.4) 

. 

The lift curve slope ao = OC[, 18a indicated in figure (2.14) is 4.8Vrad], which 
is somewhat lower than the theoretical value of 21r given by thin acrofoil theory. 
This may partly be explained from boundary layer effects, which for pre-stall 
AOA cause the CL to be reduced from values given by potential theory. Further, 
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as mentioned above, the experimentally deduced C1, %-alues; are expected to be 
low bmause of the failure to record Cp .. j, However, experimental data given 
by Eastman (1937) revealed that, for Re less than approximately 0.4eG, ao is a 
strong function of Re and %-aries signifirantly froin 21r. For Re between 0.2eS and 
O., IeG this data suggests that for NACAOOIS cio varies between approximately 5.2 
I/ra(4 and . 1.91/radl. This is not too dissimilar to the %ulues of ao recorded in the 
static blade measurements and gives some confidence in the data. 

The Inaximum lift coefficient CL,,,.,, recorded at an AOA of 12 degrees is ap- 
proximately 0.80 and, due to the Wects discussed above, is slightly lower than 
given by the data of Eastman et at. From this CL,,,,,, would be expected to be 
around 0.90 to 1.00 for Re between O-17cG and 0.33eG . 

2.3.2 Rotating Blade Tests 
On the whole, the experimental set-up was very successful and provided a high 
level of system reliability. Because the preliminary tunnel calibrations had shown 
that the wind tunnel blower could easily generate flow speeds in the test section 
which were in excess of the original design test speeds it was decided to run the 
rotor at a constant RPAI of 800 rather than the intended 1200 RPM. When fitted 
with the larger of the two nose cones which were tested the levels of vibration 
due to force imbalance of the rotating masses were sufficiently low for the rotor 
to be run without any balancing masses. For the smaller nose cone, however, 
significant vibrations occurred at around 600 RMI. As a result, this rotor needed 
to be dynamically balanced using additional masses which were attached to the 
hub. Once balanced correctly the maximum RPM of 1200 could be achieved free 
of significant %ibrations for this rotor configuration. However, for the pressure 
measurements it was run at 800 RPM to ensure that the Re were compatible 
between the measurements for the two nose cones. 

Figure (2.16) shows the unamplified zero differential pressure transducer out- 
put measured at a sampling frequency f,.,,, p of 100 [Hz] for an RPINI of 800. This 
figure gives an indication of the electrical signal distortion due to the slip ring 
noise at this RPM. The maximum slip ring noise shown is of the order of +/- 
300 Di V) but on average is probably closer to +/- 150 [it VI , which, as will be 
seen in the following, is small compared to the mean pressure transducer signals 
recorded in the experiments. 

Figure (2.17) shows the pressure transducer signal fluctuations recorded at 
faamp = 100[Hzl for a single pressure tap located near the blade root and close 
to the leading edge on the downwind surface of the rotating blade for a num- 
ber of AOA cases . The signal traces for all AOA cases contain high frequency 
fluctuations, which occur at a frequency corresponding to the rotor RPNI of ar.. - 
proximately 13 (11z] 

. For the AOA cases shown up to the 16.40 degrees the 
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magnitude of these fluctuations is of the order of the slip ring noise shown aboVe. 
It, therefore, seems reasonable to assume that any surface pressure fluctuations 

at this frequency are small. Clearly, the measured pressures at these AOA are 
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extremely steady. In addition to the high frequency fluctuations tile signal traces 
shown for 21.6 degrees and 29.5 degrees AOA reveal fluctuations at lower fre- 
quencies. The amplitude of these fluctuations is around +/-5% of tile mean 
transducer output voltage. These fluctuations give an indication of the typical 
levels of unsteadiness of the blade surface pressures, which were measured for the 
inboard blade stations in the tests for higher AOA. Though, these pressure fluc- 
tuations are obviously increased for the higher AOA compared to the low AOA 
cases. They are not significant enough compared to tile mean signal to suggest 
that there are gross instantaneous deviations from the mean local flow pattern. 
In fact, it may be argued from the evidence presented that the mean flow is, 
even at the high AOA, largely steady. This justifies the assumption that time 
averaged pressure measurements provide a meaningful indication of the physical 
flow over the rotating blade at all AOA, which was fundamental to the design 
of the sequential pressure scanning system. Purther, the data suggests that tile 
stall behaviour of the blade was steady and that the so called rotating stall which 
can occur on axial flow turbomachinery is not an important consideration for tile 
interpretation of the test results presented in the following. 

Blade Cp-Distributions 

Figures (2.18) - (2.25) show the effect of the local 'geometric' incidence a on 
the chord wise CI) distributions measured at radial stations r/rt = 0.940 / 0.840 
/ 0.760 / 0.680 (for which the corresponding (c/r) ratios shown in the figures 
are 0.340 / 0.380 / 0.420 / 0.470) for an 8 bladed rotor configuration with a 
hub/tip, ratio h of 0.65 and a solidity a of 0.53. The Cp values derived by the 
method described above in some cases did not quite achieve the expected value of 
+1.0 near the leading edge stagnation point but were in fact somewhat lower (- 
typically the maximum Cp values derived near the leading edge were in the range 
+0.6 to +0.9 but never greater than +1.0 -), which suggests that the hub reference 
pressure was in some cases not recorded accurately. In order to allow better 
comparison between the indi%idual measurements the Cp distributions have in 
the presentation been unilaterally shifted so that the maximum recorded leading 
edge pressure corresponds to Cp = 1.0 as would be expected for the leading edge 
stagnation point. This somewhat arbitrary shift is physically inaccurate since the 
pressure distributions suggest that the stagnation point lies in between the two 
pressure taps closest to the leading edge and causes some degree of uncertainty 
about the absolute values of Cmj, However, since this does not distort the 
pressure distributions as such it does not affect the derived force data. 
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Figure 2.18: Rotating Blade Cp-Distributions 
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The stated %Mitles of a do not account for the swirl eirects of the rotor wake. 
These efrects are treated separately later in the report. It will be seen, however, 
that, as has; been commented earlier, they locally reduce a. This reduction was 
found to be particularly strong for blade sections near the root. 

Over the range of local incidences shown, the tip Re based on the total veloc- 
ity III varies between approximately 0.24cG and 0.266. At r/r, = 0.680 tile Re 
varied between 0.1706 and 0.206. These Re variations are not expected to be 
significant enough to cause substantially different boundary layer behaviour be- 
tween tile blade tip and root regions for any chord wise flow over the NACA0015 
bladesection. Consequently, it may be concluded with some confidence that Re 
effects were not an important cause of any radial variations of the blade acrody- 
namics; noted in the current experimental work. 

For low to moderate values of a the chord wise suction surface Cp distribu- 
tions qualitatively show close resemblance to the peaky distributions measured 
on the static blade. Notable, however, is the fact that there is a strong radial 
variation of the maximum values of leading edge suction peaks denoted in the 
following by dp,,, 

i., which as presented increase in magnitude from dPmin " -3.6 
at r/r, = 0.940 to OP. 

in = -5.4 at r/rt = 0.680. Further, the data suggest that 
as r decreases the AOA at which OPmin Occurs Cr4min increases. For a r/r, value 
of 0.940 (jPmin occurs just before local blade stall at nominally 12 degrees while 
at r/r, = 0.680 dpmin is reached at around 15 degrees incidence. By comparison, 
the Cp distributions on the pressure surface of the blade do not deviate strongly 
between the tip and root regions of the blade. 

In principle, the radial %-ariations of Cp,,, i,, noted above can qualitatively be 
inferred from the in%iscid theory for static 2 dimensional cascades discussed in 
the introduction to this report chapter. From this it would seem that the increase 
in dp 

.. j. towards the rotor hub for a given cr is due to a reduction in the local 
chord to pitch ratio as a result of which the influence of the bound circulation of 
the neighbouring blades increases. Ho'%vever, this cascade theory cannot predict 
any radial %-ariation of orcp;. j. as indicated by the measurements on the rotating 
blade. It must be assumed, therefore, that the noted dependence of (jPmin on r 
is not a linear cascade effect but is due to other flow phenomena. In fact, it will 
be shown later that this variation is strongly related to the swirl effects which 
progressively decrease the effective cf tourards the blade hub. 

Iv- For higher a the suction surface Cp distributions differ more radically along 
the blade span. In general, the data measured at high ct for r/re = 0.940 and 
r/r, = 0.840 shows great qualitative similarity to the static blade data. As a 
is increased beyond approximately 10 degrees at r/r, = 0.940 and 12 degrees at 
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r/rg = 0.8-10 there is a sudden transition from the peaky type Cp distributioll 
to a flat type. At r/rl = 0.9-10 any further increases ill a have little systematic 
effect on Cj) walues and the blade may be assumed to be complaely stalled in this 
region. The stall angle as dcfincd by the loss of the leading edge suction 
peak at this radial station is somewhat lower than that for the static blade and 
may be due to local three di mensional i ties associated with the tip flow. Further, 
it is evident that the Cp levels oil the suction blade surface at post-stall a ill this 
region are slightly higher than for the static blade. This may be related to tile 
static pressure drop across the turbine rotor which in causes the static pressures 
on the downstream surface of the rotating blade to be lower than those for the 
static blade at all equi%-alent, AOA. On the whole, though, the evidence strongly 
suggests that the stall of the rotating blade sections close to the tip is governed 
by the same flow mechanisms as those for the static blade, which relate to cliord 
wise pressure gradients. It may hencc be concluded that the tip regions of tile 
rotating blade experience a leading edge stall as would be predicted by tile blade 
element theory using the static blade data. 

At r/r, = 0.840 the value of (jpmin is closer to that recorded for the static 
blade. However, the post-stall Cp distributions are not as flat as those at 
r/r, = 0.940 and it is evident that the aerodynamic rear loading of the blade 
section is sensitive to further increases in cr. 

Further inboard from the tip at r/r, = 0.760 the sudden loss of the leading 
edge suction peak does not result in a flat top Cp distribution typical for fully 
stalled flow at high cf, but leads to some intermediate 'bulky' type Cp distribu- 
tion. It is evident that there is a significant low pressure region, which extends 
over approximately 50% of the local blade chord and in which the Cp levels are 
appreciably higher than at equivalent values of cz for the blade stations closer to 
the tip. This low pressure region is stable for further increases in a, which cause 
a gradual increase in the Cp values that could be recorded over the rear half of 
the blade. As a result the aerodynamic loading at this radial station becomes 
more evenly spread between the front and the rear of the blade. Eventually, as 
cr is increased even further, a flat pressure distribution stabilises at the Cp level 
set by the leading edge flow. 

At r/rt = 0.680 the Cp distributions measured at high a show a rather dif- 
ferent behaviour yet. This is characterised by a more continuous reduction of 
the -. -cry localised pre-stall leading edge suction, which onlyvcry gradually loses 
its' peakyness and spreads rear i%-. uds over the blade section at a lower Cp level, 
which, however, is significantly higher than the Cp levels further away from the 
hub at equivalent values of a. Interestingly, at very large %ralucs of a the leading 
edge Cp, %mlues stabilise at a certain level and for further increases in a only the 
aerodynamic loading towards the rear of the blade section increases similarly to 
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the noted behaviour at r/r, = 0.7-10. 

Clearly, the stall behaviour of the blade sections closer towards the rotor 
hub, is very different from that of the static blade. The 'bulky' Cp distributions 

measured at high a for r/r, = 0.680/0.7-10 show a strong resemblance to those 
recorded by a number of researchers (see introduction to this report chapter) for 
high AOA oil the inboard blade stations of wind turbine rotors. These were ex- 
plained by the stall delay phenomenon. This, as discussed earlier in the report, 
relates to radial flows in the blade boundary layers which are caused by the action 
of Coriolis forces. Since these forces scale on the (c/r) parameter they increase in 
strength towards the rotor hub for constant chord blades. It is, therefore, reason- 
able to assume that the Cp distributions recorded in the current experiments for 
the Wells turbine rotor are also caused by stall delay. For the rotor configuration 
tested the evidence suggests that significant stall delay occurs for blade sections 
with (c/r) 2: 0.420 while blade sections for which (c/r) : ý, 0.380 do not seem to 
experience any great extent of stall delay. 

The Cp distributions recorded for high AOA at r/r, = 0.680 indicate that the 
radial flows associated with the stall delay initially build up in a fairly localised 
region near the leading edge of the suction surface of the blade. Further, it would 
seem that as a increases the leading edge radial flows gradually reduce in inten- 
sity and spread out towards the trailing edge. 

By comparison, the radial flows occurring at high a near the leading edge at 
r/rt = 0.76 are evidently never as localised. as they initially are close to the rotor 
hub at r/rj = 0.680. The less gradual initiation of the radial flows at this span 
wise location may be strongly affected by radial flows that have already estab, 
lished themselves at blade stations closer to the rotor hub, which for a given A 
are operating at a higher AOA. It seems acceptable to more generally conclude 
from this argument that when the Wells turbine operates at low A the flow over 
a significant portion of the span is affected by the radial boundary layer flows 
that emanate from sections closer to the blade root. 

Blade Force Coefficients 

Section lift force coefficient CL,, drag force coefficient CD, normal force coefficient 
Qv and tangential force coefficient CT were derived by integration according 
to equations (2.1) - (2.4) from the measured pressure distributions, which have 
been discussed abo-ve. Their variation with ct is illustrated in figures (2.26) - 
(2.29) below for all radial stations, which are denominated in the figures by their 
respectivc, values of (c/r). 

53 



i 

23 

2 
C 

C 

0" 
0 

li 

1.4 

a 
12 

&-NA&d lenf li NACA(ni 5' "b 

-4b che0470 
o- ch 0 0420 0- ' 
4- chm0.100 0. ý' 0 

-, W7. 
- . ". % 

5 10 Is 20 23 V 33 
incwwt I&S I 

Figure 2.26: Sectional Lift Coefficients 

&Va, kd. cooi 9 N, 

--0- Ch a 0, 

-- smic t 

CA 

0 
f 

a 

3 10 13 20 30 
immme I&t ) 

Figure 2.27: Sectional Drag Cocefficients 

33 

54 



2.5 

120 

�3 

I 
le 

03 

-0 

05 10 Is 20 25 V 13 
iwi4cwt Ift-I 

Figure 2.28: Sectional Normal Force Coefficients 

al 

w 

0-0- 

Al 

I-MbdedimmONACAODIS 

cft*0470 
4* a 0.4.10 
ck - 0.390 
dr - 0.340 
mme blak 

03 10 Is 20 is 
Wocwt ides. ) 

Figure 2.29: Sectional Tangential Force Coefficients 

SAAamded nxtv a NACAODI 5 

cit a0 470 
-0 - C400420 

C)lrsolso 

samic blade -Z 

55 



Within the data scatter of the presentation no clear trend is discernible for 
anY radial variation of the lift curve slope ao and it inust be assumed that this 
is norninally constant. ao for the rotating blades in this rotor configuration is 
somewhat higher than the static blade value, which is an indication of the linear 
unscade effects which are known to be important at prc-stall incidences. 

For higher values of a, though, the CL curves reveal a strong variation with 
(c/r). This relates to the deviations noted above in the Cp distributions for tile 
different radial stations, which are caused by the the radial flo%vs that occur in 
the boundary layers of the blade. Due to these flows CL continues to increase 
near linearly with a even after the fairly localiscd leading edge suction has broken 
down, which is associated with the pre-stall attached flow dominated by chord 
wise pressure gradients. Significant for the rotor shaft power is tile dramatic non- 
linear increase in notional CL,,,., and the associated incidence at which it occurs 

with (c/r). In fact, it is evident that for blade stations close to tile rotor hub 
was not reached for the range of flow rates tested. In this context it should 

be noted that the depicted radialvariation of th CL,,. is unlikely to be due to 
opposite to Rc effects since it is in the opposite direction. As %vas established for 
the Cp distributions earlier, the CL curves reveal a strong qualitative similarity 
to data published for studies of the stall behaviour of rotating blades of wind 
turbine rotors, which were subject to stall delay. 

As discussed in the introduction of the thesis, the extent of stall delay has, 
for wind turbine rotors, been shown to depend on (c/r). Snel (1993) derived 
an empirical equation to relate the lift coefficient of the rotating blade sections 
(CL3D) to the basic 2D sectional lift coefficient (CL2D), which provides a measure 
of the stall delay: 
(2.6) CMD : -- CL2D +k (c/r)2 ACL 

where k is a constant and ACI, is given by 

(2.7) L41CL ý CL(linear) - CL2D 

with 
(2.8) CL(linear) = 2r sina 

Snel proposed that for typical wind turbine rotors k is approximately equal to 3. 
Effectively equation (2-6) expresses the local extent of stall delay as a proportion 
of the difference between the actual post-stall lift produced by the static blade 
and a hypothetical CL, value obtained as a linear extrapolation of the pre-stall 
lift curve slope. 
Snel's equation was applied to the CL data presented in figure (2.26) to derive 

, alues of k- applicable to the 8 bladed Wells turbine rotor tested. The results 
are shown in figure (2.30). Within the data scatter the is no clear trend in the 
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radial variation of k, though there is a suggestion that the value of k increases 
somewhat to%%-ards the blade root. It is apparent from the data that for the 
8 bladed rotor the value of k (- averaged over the range of post-stall incidences 
achieved for respective blade sections -) is of the order 3-3.8. This seems slightly 
higher than the value quoted by Snel for wind turbine rotors. To some extent 
this may be expected because the above equation does not account for cascade 
effects which, as will be discussed in the following thesis section, are important 
(particularly) for the 8 bladed rotor even at post-stall incidence and would tend 
to reduce the values of k. Stricly, for the Wells turbine equation (2.6) should 
contain a factorisation for the cascade effects: 

(2.9) CL3D : '- 
fe [ CL2D +k (c/r)2 ACL ] 

where fe is a cascade effect factor, which for pre-stall incidences is equal to the 
factor given by linear cascade theory but at post-stall incidences is likely to be a 
function of the local blade incidence since for, the high solidity rotor, there are 
strong interactions between the cascade and stall delay effects (nb. for pre-stall 
incidences AQ, is zero and equation (2.9) reduces to the usual equation given by 
linear cascade theory). Further, the above result does not account for the effects 
of axial and swirl velocities induced by the rotor wake, which may introduce a 
more pronounced radial variation of k and are discussed seperately later. In any 
case, this result suggests that the extent of stall delay present on the 8 blade 
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rotor at post-stall incidences is comparable to that noted for wind turbine rotors. 

The CD curves show coin paratively insignificant radial variation for low to 
moderate a and all data points secin to collapse onto a single curve. There is 
some radial -trariation, however, once there is an appreciable drag rise, which is 
associated with the loss of the leading edge suction peak. Again this finding is 
reminiscent of what is reported in the literature on the aerodynamics of wind 
turbine rotors. 

Since CN is most strongly dependent on CL the curves shown in figure (2.28) 
show a similar variation with (c/r). The apparent near-linear increase of CIV 
with a, at high AOA, which is sustained longer close to the blade root, is thus 
directly related to tile stall delay phenomenon. This result goes some way to 
explaining the approximately linear relationship that exists between tile pressure 
drop across the Wells turbine rotor and A-1 at high axial flow rates for which 
from conventional theory the rotor blades would be expected to be stalled (see 
e. g. Sturgc ct al. (1977)). 

From the data presented in figure (2.29) there seems to be no strong influence 

of (c/r) on the CT curves for low AOA. However, for higher AOA the curves 
show distinct maxima CT,,,.., which are strong non-linear functions of (c/r). The 

occurrence of CT. is associated with the steep drag rise at high AOA which 
in turn is initiated by the loss of the leading edge suction peak on the down- 

wind blade surface. Correspondingly, the curves for (c/r) values between 0.340 

and 0.420 exhibit quite sharp decreases in CT at fairly discrete values of a. For 
(c/r) = 0.470 it was seen earlier that the suction peak reduces more gradually 
at high AOA- Consequently, the associated Cr curve has a much more rounded 
maximum and does not decrease as rapidly at higher AOA. 

Since the contribution of a blade section to the overall rotor power is directly 
proportional to CT x r' the above curves have strong implications for the turbine 
performance. It is clear that due to the apparent stall delay at blade stations close 
to the rotor hub, these stations may be expected to produce significantly higher 
levels of power at lower values of A than would be predicted by the conventional 
BET approach, which uses basic acrofoil data. Because, however, the bulk of the 
shaft power is produced by blade sections near the tip, the more global effect of 
the noted stall delay on the overall turbine power is likely to be less dramatic. 

Effects of Rotor Solidity 

The effects of rotor solidity a on the local force coefficients was studied by varying 
the number of rotor blades. Figures (2.31) - (2.38) show comparative plots of C1, 
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and CD data which was recorded for 2,4, and 8 bladed rotor configurations which 
had a constant hub/tip ratio of O. GSO and respective solidities of 0.12,0.25 and 
0.49. 

On the whole, there is little difference over the full range of tested A between 
the curves for the 2 and 4 bladed rotors within the data scatter. ftom this it 
can be concluded that cascade effects are negligible for these rotor con figu rations. 
This is in agreement with the cascade theory given earlier according to which tile 
CL values for both of these rotor configurations for a given local blade incidence 
should be only approximately 3% higher than that of an isolated acrofoil section 
at an equivalent AOA- 
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Figure 2.38: Effect of Rotor Solidity on CD at (c/r) = 0.470 

For these rotor configurations, therefore, any differences noted in compari- 
son to the static blade characteristics are an indication of rotational effects only. 
On the other hand, this also implies that differences between the data recorded 
for the two lower solidity rotors tested and the 8 bladed rotor relate mainly to 
cascade effects. These were shown to be important for the interpretation of test 
results taken for the 8 bladed rotor. 

As was discussed above for the 8 bladed rotor, the CL curves for the 2 and 
4 bladed rotors reveal that for the rotating blade CL,,. and a,,. are strong 
non-linear functions of (c/r). The values for these are significantly increased 
along the whole blade span except near the blade tip, compared with the static 
blade -. -alues. Since, CL. and a,,. are a measure of stall delay it is clear from 
the 2 and 4 bladed rotor data, that this effect is important for the aerodynamic 
performance even of low solidity Wells turbine rotors. As far as the physical 
explanation of the stall delay effect is concerned, the data presented above lends 
weight to the argument that the radial boundary laver flows by which it is caused 
are related to Coriolis forces rather than inviscid solidity effects. 

Linear approximations to the presented pre-stall Ct curves suggest that for 
the rotating blades of the two lower solidity rotors the lift curve slope ao is around 
3.9 /rad while for the 8 bladed rotor it is around 5.3 /rad, a factor of 1.35 higher. 
This is in good agreement with the inviscid cascade theory, which applied to the 
respective mean solidities of the three rotor geometries predicts an increase of 
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cto by a factor of 1.3 . However, the the CL curves also show that at high AOA 
the data recorded for the 8 bladed rotor is subject to solidity related effects, 
which arc not described by the conventional cascade theory: While for tile two 
low solidity rotors the CL values do not increase for AOA higher than a,,. ý tile 
curves for tile 8 bladed rotor show a steady increase for further increases ill AOA 
and in the experimental range. In the above discussions of the recorded chord 
wise pressure distributions this was related to the increase in tile rear loading of 
the local blade section at high AOA- Further, it was speculated earlier that this 
increase in rear loading was due to an increasing extent of radial flows in tile 
boundary layer near the trailing edge of tile rotating blade. However, tile above 
comparison of the CL curves recorded for the three rotor configurations suggests 
that this effect is caused by mutual influence of neighbouring blades and is likely 
to depend on the local blade circulation, which due to the stall delay effect at 
high AOA is considerable close to the rotor hub (- though, it is important to note 
that for these highly 3-dimensional flows the local circulation cannot be inferred 
from the Joukowski theorem, and hence there is some ambiguity about the precise 
value of the circulation -) . Rom this it would be expected that chord wise rather 
than span wise velocity perturbations are induced due to this influence. To this 
extent the solidity effects at high AOA noted for the rotating blades might be 
interpreted in a manner similar to that described for static cascades by Ragu- 
nathan for pre-stall AOA, which in addition to an increase of the leading edge 
suction peaks also predicted an increase in the aerodynamic loading towards the 
trailing edge. In any case it is clear that at high local AOA for the high solidity 
rotor there are strong indications of interactions between the cascade effects and 
the radial flows with which the stall delay phenomenon is associated. 

Figures (2.35) - (2.38) show that at low blade AOA the rotor solidity does not 
appreciably influence CD. While the curves for the two low solidity rotors follow 
the static blade data fairly well at (c/r) values of 0.340 and 0.380 the curves also 
show that at larger AOA the CD values at (c/r) values of 0.420 and 0.470 are 
increased over the static blade data. It is further evident from these figures that 
at high AOA there is a solidity effect on CD. 

Effects of Hub/Tip Ratio 

Measurements were also carried out for 2,4 and 8 bladed rotor configurations 
which comprised a smaller nose cone for which h=0.560. For the smaller 
nose cone measurements could be taken at an additional radial station given 
by (c/r) = 0.55. The solidities a for the three rotor configurations with the re- 
duced %ralue of h were only slightly increased to 0.53,0.26 and 0.13. Because h 
was changed by changing only the hub diameter Dk the tip solidity a, remained 
unchanged compared to the tests with the larger nose cone. The blade aspect 
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ratio AR = (c/rj)/(I - h) was reduced from 0.90 for the larger nose cone to 0.73. 
As a result, any differences in the C1, data between the two configurations is due 
to clianges in It and AILThc CL data recorded for the two different values of It is 
compared in figures (2-39) - (2.41) below. 

It is apparent that for all three rotor configurations the Ct, values at high 
local AOA are significantly increased for the smaller nose cone for all values of 
(c/r) except (c/r) = 0.3-1. This suggests that by reducing h tile extent of radial 
flow occurring at high AOA on the down wind blade surface is increased at a 
given value of (c/r). Consequently, it may be concluded that the presence of tile 
hub wall limits the extent of radial flow in the root region of the blade. 

The pre-stall effect of h on CL seems smaller kv comparison and is related to 
the fairly insignificant change in a. Within the data scatter it is assumed that ao 
is not affected by h for the three rotor configurations. 
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Figure 2.39: Effect of h on CL For The 8 Bladed Rotor 
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Effects of Induced Velocities 

In the previous report pages the variations of the blade surface pressure and tile 
force coefficients were presented as a function of the geometric incidence 0. A's 
mentioned in tile introduction to this section the rotor wake induces axial anti 
circumferential velocities u., and v, in the plane of rotation due to which the 
blade sees an effective incidence ce, 

Swirl Velocity 

In the introduction a theoretical analysis of the induced circumferential swirl ve. 
locity was given. This showed that locally the swirl vclocity increases with the 
non-dimensional parameter (c/r) and with the blade lift coefficient Cl,. Strictly, 
this theory is only applicable to attached flow and low angles of attack and there 
is considerable ambiguity about the swirl when the blade is operating at low 
values of A i. e. high local incidence. In particular this ambiguity arises because 
of the radial flows which occur in the separated boundary layers of the rotating 
blade. 

Using equation(l. 14) together with the experimentally measured local force 
coefficients and local blade incidences the swirl velocities and hence the effective 
blade incidences ae were theoretically derived in an iterative procedure for each 
radial blade station. The results of these swirl calculations are summariscd for 
the 8-bladed rotor with the larger nose cone for which h=0.650 in figure (2.42) . 
This figure compares the measured CL data versus uncorrected incidence a to the 
swirl-corrected CL data versus the effective blade incidence. No corrected data 
is presented for higher blade incidences because, as pointed out in its derivation 
equation(1-14) only holds for lower incidences. 

The figure suggests a certain extent of radial variation of the swirl effect. In 
particular it appears that at the outboard blade stations the induced swirl veloc- 
ities are smaller than at the inboard blade sections. 

It can further be seen that for pre-stall incidences the lift curve slopes at all 
radial stations are appreciably increased for the swirl corrected data compared 
to the values derived neglecting the swirl effects. It is also interesting to note 
that when including the swirl effects there seems to be a more pronounced radial 
variation of OCL/Oa between the tip and root regions of the blade. The depicted 
variation would suggest that aCLlaa increases towards the blade root which may 
be expected from linear cascade theory. 

Attempts were also made to experimentally determine the swirl velocity v, 
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Figure 2.42: Swirl Corrected And Uncorrected CL Data 

applicable to the tested rotors by measuring the swirl angle %. These mea- 
surements are briefly described in the following and were not intended as an 
exhaustive study of the wake flow but as an indicative exploration of tile swirl 
effects, which are particularly important to the measurements for the 8 bladed 
Wells turbine rotor. As such, the experimental set-up implemented for this in- 
vestigation %vas comparatively simple and the results presented in the following 
are not considered to be quantitatively very accurate. 

A5 hole probe was used to approximately measure % nominally 1/2 DT 
downstream of the turbine rotor. The probe was supported in the turbine duct 
from a rod which was adjustable in length so that the swirl could be measured at 
a number of span wise stations. At one end of the support rod an inclinometer 
was attached. The rod could be manually rotated from the outside of the tunnel 
test section thereby allowing the probe orientation to be adjusted in pitch. The 

experimental objective was to align the 5-hole probe with the local flow direction 
by progressive pitch adjustment and hence to obtain a reading for 'y, from the 
inclinometer for different flow rates and radial positions of the probe. By con- 
necting two opposing total pressure tubes of the 5 hole probe to the two ports of 
a differential pressure transducer the probe could be judged to be aligned with 
the local flow direction when the transducer output voltage, read on a voltmeter, 
corresponded to the zero differential pressure voltage, which was registered pre- 
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vious to a particular test run. 

Figure (2.43) shows the swirl angle measured for the 8 bladed rotor with 
h= . 650 at three radial stations corresponding to (c1r) = 0.340 0.370 / 0.420 

as a function of the local geometric (ineasured) blade incidence a atan(V, /Ul). 

-v 

.............. 
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-- dr-0.42 
--&- ch a 0.37 
--a-- dr a 0.34 

6789 10 11 12 13 14 15 16 17 19 19 20 21 
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Figure 2.43: Variation of The Swirl Angle % 

Clearly this figure suggests that there is a strong non-linear dcpendency of 
, y, on (q1r). It is evident that -t. for a given value of cc increases from the ra. 
tor hub to the tip. Also, it is interesting to note that within the data scatter 
a%laa is near constant at lower values of a. At higher values of a the curves 
for (c/r) = 0.37 and (c/r) = 0.42 signal a sharp decrease of %. This indicates 
a strong change in the wake structure. By cross reference to the corresponding 
measured CL vs a curves shown earlier it can be seen that the decrease in the -t. 
curves coincides roughly with the onset of a decrease in the local aC, 1(9Ct. This 
feature of these curves was associated with the loss of the leading edge suction 
peak and the emergence of strong local radial flows on the downwind surface of 
the blade profile producing the stall delay effect. 

The swirl velocity v. is related to the swirl angle -f. by 

(2.10) IS - 
vs 
ux 
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Figure (2.44) shows the variation of v, non-dimensionalised by the local tangential 
velocity of the blade Ut with a derived from the measured values of y, (noting 
that yl,,, t, = (1/2)-ylwake)- 

"laded ro(or A h-0.63 
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8- dr 0 O-U 

0.3- \b 

o. 23- 

0.2ý 

10.15- 

0.1- 

0.03ý 

0.0 ............... 
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me"uted incidence 

Figure 2.44: Variation of The Swirl Velocity v, 

It can be seen that the swirl velocities for the 8 bladed rotor configuration 
are considerable, particularly at (c/r) = 0.42 where the derived, %-alues of v, reach 
almost 40% of the tangential speed of the blade. As would be expected from the 
theory given earlier it is apparent from these curves that for lower local blade 
incidences v, increases with (c/r) and CL. However, eventhough it was found 
earlier that due to the stall delay effect locally the blade can sustain high values 
of CL at post stall incidences, the swirl velocity reaches a distinct maximum, 
which occurs just before the recorded blade surface pressures indicate the loss of 
the leading edge suction pressure. It is clear, therefore, that once the radial flows 
are established on the rotating turbine blades the theoretical analysis relating v, 
to CL is no longer valid. 

Figure (2.45) below shows the incremental corrections Act which need to be 
applied to the geometric incidence a to account for the effect of v, which acts 
to locally reduce the blade incidence. It is evident that while at the tip the 
required correction is fairly small (at max. 0.5 [deg]) towards the rotor hub Act 
is significantly higher and reaches up to approximately 2.5 [deg] at (c/r) = 0.42. 
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The measured radial variation of the swirl correction angle Act explains the 
radial variation of orA., j., the incidence at which locally the blade pressure distri. 
butions signalled a loss of the leading edge pressure peak, which for the 8 bladed 
rotor configuration was noted to be of the same order. 

The swirl angle was experimentally measured for all tested rotor configura- 
tions by the method described above. Figure (2.46) gives a comparison of the 
measured swirl velocities at different radial stations for the 8,4 and 2 bladed 
rotor configurations with the smaller of the two tested nose cone diameters for 
which h=0.560. 

The curves reveal a strong solidity dependency of the swirl effect. The data 
recorded at (c/r) = 0.350 and (c/r) = 0.380 shows that the swirl velocity rapidly 
decreases when these blade sections have stalled locally and for large incidences 
is nominally zero. This indicates a dramatic change of the rotor urake structure 
at high flow rates i. e. low tip speed ratios. 

At large local blade incidences the swirl data measured at the more inboard 
radial stations (c/r) = 0.410 for the 8 and 4 bladed rotors and (c/r) = 0.470 for 
the 2 bladed rotor at which the local blade force data discussed earlier showed 
delayed stall, interestingly, suggests that for all three rotors there is still a sig- 
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Figure 2.46: Variation of The Swirl Velocities v, 

nificant swirl effect. An apparent interpretation of this may be that close to the 
hub at large flow rates which cause post stall angles of attack there is Still a 
considerable amount of blade circulation that sheds into the rotor wake and to 

which the swirl effect relates. 

Induced Axial Velocity 

A theory was also given earlier in the report which relates U. to the normal force 
coefficient CN acting on the rotor blades. From this theory it %,., as apparent that 
u,. may be expected to -, -ary with the rotor solidity and of the rotor configurations 
tested is highest for the 8 bladed rotor. 

Equations(1.6) and (1-8) were used in conjunction with the CN force data 

presented earlier in the report for the 8 bladed rotor with h=0.650 to estimate 
q-, and hence V.., the effective axial velocity in the plane of blade rotation. The 

values of V_., deduced at radial positions at which the Cp distributions were 
measured are shown as a fraction of UI(tip) in figure (2.47) for a nominal tip 
speed ratio of 5.7 - Qualitatively the depicted increase of V,,, of 28% compared 
to the mean close to the blade tip and decrease of 22% near the blade root are in 
good agreement with the data presented by Ragunathan (1995) for a high solidity 
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2.4 Concluding Remarks 
The experimental work reported on in this chapter was intended to provide a 
fundamental study of the aerodynamic characteristics of a rotating Wells turbine 
blade that define the rotor performance characteristics in steady, unidirectional 
ducted flow. A model scale wind tunnel experiment was purposely designed and 
constructed, which allowed the steady chord wise static surface pressure distri- 
butions to be measured reliably at a number of radial positions on a rotating 
NACA0015 sectioned turbine blade over a range of flow rates, rotor soliditics and 
for two different hub/tip ratios. 

It was shown in the course of these measurements that in steady, unidirec- 
tional flow the Wells turbine stall is largely steady and free of hysteresis effects. 

The characteristics of the experimentally recorded chord wise Cp distribu- 
tions, which in the text were presented for an 8 bladed rotor, at pre-stall blade 
incidences (i. e. at high tip speed ratios) resembled those measured separately for 
the static blade. They could be qualitatively well explained by the theoretical 
and experimental analysis provided by other researchers for an acrofoil operating 
in a 2D static cascade, which forms the basis for conventional performance pre- 
diction inethods applied to the Wells turbine in ducted flow and which has been 
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discussed in the introduction. 

At higher measured blade incidences the Cp distributions differed radically 
from those of the static blade at equivalent angles of attack in that they revealed 
a considerable extent of remarkably high upper surface suction particularly at 
the inboard sections of the rotating blade. These Cp distributions could not 
be explained from the conventional 2D linear cascade theory, which does not ac- 
count for effects due to the blade rotation. However, due to the strong qualitative 
resemblance noted between the Cp distributions measured on the Wells turbine 
blade and those which have been published by other researchers for rotating wind 
turbine blades, the stall delay phenomenon which is comparatively well under- 
stood for wind turbine rotors could be inferred as an explanation. 

The local CL values derived from the measured Cp distributions confirmed 
that for high tip speed ratios there are linear cascade effects, which are strong 
for high solidity turbines such as the 8 bladed rotor tested. These were qualita- 
tivcly and quantitatively well described by the conventional 2D cascade theory. 
Further, the measurements showed that for high tip speed ratios cascade effects 
oil CD arc negligible. 

For lower tip speed ratios for which a significant portion of the blade operates 
at post-stall angles of attack, the delayed stall, which was confirmed to depend 

on (c/r) and was found to be particularly strong for (c/r) values greater than 
0.340, causes local CL values to be considerably higher than those derived for 

the static blade section. A comparison of the data recorded for the 2,4, and 8 
bladed rotors revealed that on high solidity Wells turbine rotors operating at low 
tip speed ratio there are strong post-stall cascade effects on Ct, and CD. This 

comparison also gave a clear indication that the stall delay effects which occur 
at low tip speed ratios strongly interact with cascade effects. 

It was found by comparing the data recorded in the experimental work for 
two different sized nose cones that by reducing the hub/tip, ratio the extent of 
radial flow that occurs at low tip speed ratios over the inboard part of the rotat- 
ing blade is increased, while the tip flow is relatively unaffected. 

The experimental and theoretical investigations of the axial and swirl veloci- 
ties induced by the rotor wake in the rotor plane showed that for a high solidity 
Wells turbine appreciable corrections need to be applied to the local geometric 
blade incidence, which is conventionally derived using the radial equilibrium ap- 
proach and neglecting wake effects, to obtain the local effective blade incidences. 
In particular it was found that for all flow rates and rotor solidities tested the 
swirl velocities at the blade tips are small compared with those at the blade root, 
which for the highest solidity were considerable. 
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Chapter 3 

The Wells Turbine Performance 
in Unducted Oscillatory Flow 

The research work reported on in the following chapters has investigated an un- 
conventional arrangement of the Wells turbine in which it was used to convert 
energy directly from oscillatory water flow (waves) in an unducted configuration. 
Previous to the current work no published numerical or experimental analysis of 
the hydrodynamic performance of the Wells turbine in this type of application 
was available. In order to enable potential future applications of this type of 
turbine arrangement as a wave power device to be assessed some fundamental 

research of the hydrodynamic characteristics of a niono plane unducted Wells 
turbine rotor in axial oscillatory water flow wu therefore required. 

From preliminary considerations it seemed likely that in this type of applica. 
tion the Wells turbine will operate in small to moderate KC flows. In analogy 
with the flow structures that are known to occur for flat disks in oscillatory flow 
it seemed apparent that in this case the vortex wake of the rotor would have a 
great influence on the turbine performance. Since no relevant data for tile turbine 
performance in this arrangement was available it was important as a first step in 
obtaining a basic physical understanding of the hydrodynamic behaviour of tile 
turbine in unducted oscillatory flow to experimentally measure, at model scale, 
the rotor shaft power over a range of flow regimes and geometric con figu ratio ns. 

It was in principle considered possible to apply more sophisticated numerical 
models such as e. g. vortex lattice codes to study the basic flow physics that 
governs the rotor/wake interactions in this type of NN"ells turbine arrangement. 
However, as a first step in gaining an understanding of the ideal fluid dynamic 

performance of the unducted Wells turbine in small to moderate KC flows it 

seemed desirable to develop a more simple coin putationally less expensive nu- 
merical model which could be validated against the experimentally measured 
data. 
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Both, numerical and model scale experimental work was carried out to pro. 
inote a first physical understanding of the performance of unducted Wells turbines 
in oscillatory water flows. This work is reported on the following chapter of this 
thesis. 

3.1 Research Objectives 
The main aim of the work reported on in the following chapter was to provide 
a physical understanding of the fluid dynamic phenomena that govern the per- 
formance of an unducted Wells turbine in sinusoidal flow over a range of low to 
moderate KC flows through experimental and numerical work. 

For that purpose the shaft power of a Wells turbine was to be experitnen- 
tally measured at model scale over a range of rotor tip speed ratios and small to 
moderate KC flows. Further, flow visualisation experiments were to be carried 
out to provide an insight into the flow structures that affect the hydrodynamic 
behaviour of the rotor. 

The experimental data was to be used to develop and verify a computation- 
ally inexpensive numerical model similar to the actuator disc theory or BET for 

unidirectional flow. 

3.2 Theory 

3.2.1 The Actuator Disc Theory 

An in depth theoretical study of the fluid dynamic performance of an unducted 
axial flow turbine in oscillatory flow using a full Navier-Stokes numerical Simu. 
lation requires fairly complex analysis, would be computationally very expensive 
and is beyond the scope of the current work objectives. In the absence of any 
published numerical treatment so far of this kind of flow problem it seemed de- 

sirable to develop initially a conceptually simple analytical scheme to model the 

performance of unducted Wells turbine configu rations. 

As a first step, therefore, a theoretical model was developed for the turbine 

performance for small to moderate amplitude oscillating flows which in analytical 
complexity is at the level of the actuator disc theory developed for unidirectional 
steady flow by Glauert (1947). In analogy with this performance model for uni- 
directional flow a number of simplifying assumptions were made to develop the 
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theory: the rotor itself is assumed to have a large number n of high impect ratio 
blades so that it resembles an actuator disc. ror the flow through the disc the 
axial velocity is considered to be uniform over the whole disc area and continuous. 
The fluid is treated as incompressible, inviscid and irrotational. 

vortex ring 
U(t) 

UD (t) 

rotor disc 

Figure 3.1: The Actuator Disc Model For Oscillatory Flow 

Figure (3-1) schematically shows the incident free stream velocity U(t), and 
the axial velocity UD(t) at the rotor disc, which has a diameter Dr. The free 

stream varies sinusoidally with time with a co nst ant 'velocity amplitude Uo and 
constant period T= 2r/w: 

U(t) = Uosin(wt) 

As a first step in developing the theory we can consider an elemental section 
dr of a constant chord, untwisted rotor blade, located at a distance r from the 
axis of rotation. If the rotor blades are rotating at a constant angular velocity n 
then the components of the resultant velocity IV(r, t) incident to a blade element 
are as shown in figure (3.2). It needs to be observed at this point that effects of 
wake rotation and induced swirl, which for unidirectional flow past horizontalaxis 
wind turbines are usually found to be small, are not included in the model. In 
accordance with the conventional blade element approach which assumes radial 
stream tube independence the section is treated as an acrofoil which produces 
lift force dL(r,. t) and drag force dD(r, t). As also illustrated in figure (3.2) these 
are resolved into axial and tangential force components, denominated dFx(r, t) 
and dFT(r, t). If for attached flow (i. e. high tip speed ratio operation) the drag 
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of the acrofoil is neglected then 

dCL (r, t 

W(r, t) 

................ a(r, t) 

UD (t) 

Figure 3.2. - Blade Forces 

dFT(r, t) = dL(r, t)sina(r, t) = 0.5pll'(r, t)c I V(r, t) 
dCt, (r, 

(3.2) dFx(r, t) = dL(r, t)cosa(r, t) = 0.5pll'(r, t)'c 11"(r, t) 
dCt, (r, t) 

where 

a (r, t): local blade incidence 
p fluid density 
C blade chord 
dCL(r, t): dL(rlt)1(0.5plV(r, t)2C) 

The power produced by this blade element is then 

(3.3) dP (r, t) =Q rdFT (r, t) = UD (t) dlýv (r, t) 

As schernatised in figure (3.3) the rotor blades have a bound circulation 
Ar(r, t). For the purpose of this simple model we now assurne the blade cir- 
culation r to be constant along the blade span so that the total circulation r is 
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thus shed at the tip of each blade and at the root r=0 but nowhere else. Tile 
slied vorticity of from the tip of each blade forms an approximately helical vortex 
wake of strength Ar. If, as assumed, the rotor lizas a large number of blades then 
the helical vortices of strength Ar may be approximated by a uniform cylindrical 
vortex shect. Further, if now the amplitude of the oscillatory free stream flow is 
small enough , this vortex sheet can be idealised as a single vortex ring. This 
idealisation is justified since the cylindrical vortex shect would develop very small 
stream wise extent before flow reversal convected it back towards the rotor plane. 
The amplitude A of the incident oscillatory flow will be defined as for oscillatory 
flows about fixed bodies by the Keu legan- Carp enter number rus KC = 7rA/Dr 
and for sinusoidal flow KC = UoTl2RT. Since for low XC flows the vortex wake 
is expected to convect only a small distance away from the plane of rotation, in 
the following theoretical analysis, therefore, as schernatised in figure (3.1) it will 
be assumed that the vortex ring is fixed in the rotor plane and has a constant 
radius equal to that of the blade tips. 

Ant) 

, &r(t 
Ant) AM) 

AM &r(t 
t) 

nt) 

Ao mih- 
**-- 

Sblade 

spacing 
It) 

r t) It) 

r rxt) 

AM) AM) 
AR ARO 

t Arxt) 

Figure 3.3: Blade Circulation 
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Therefore, the model of the rotor is an actuator disc with its wake (oil both 

sides) combined into a vortex ring of time varying strength around tile perimeter 
of the disc. The vorticity shcd from the blade roots forms axial vorticity (oil 

r= 0). This is of sinall extent (for low KC) and only generates a small swirl 
ignored in this part of the analysis. Finally, the model is completed by span wise 
vorticity shed from the blades as there circulation changes with tinle. ror a rotor 
with large numbers of blades the velocity induced by these is again mainly swirl. 

In order to calculate the power produced by each blade element from equation 
(3.3) the flow velocity through the rotor disc UD(t) must be determined. Due to 
the action of the vortex ring the net flow is 

(3.4) UD(t) = U(t) - Ur(r, t) 

Ur(r, t) is the axial component of velocity induced by the vortex ring. Vr(r, t) 
does not vary greatly along the blade span but it will be assumed that the value 
induced on the axis r=0 is fairly representative of values over the whoic rotor 
disc. This assumption means that in the numerical model there is no radial vari- 
ation of VD(t). Using the Biot-Sa%rart law it can easily be shown that the velocity 
a vortex ring of strengti, r and radius RT induces on its centrelinc is equal to 
r/2RT. The flow velocity through tlic rotor disc can according to this argument 
be approximated by 

(3.5) UDW 
r 

= U(t) - 5R-T 

where RT is the tip radius. 

Neglecting unsteady aerodynamic effects the lift of the blade element dL(r, t) 
may be related to its bound circulation Arm through the Joukowski theorem 
for steady flow 

(3.6) dL(r, t) =p IV(r, t) Ar(t) 

The lift coefficient CL is defined as CL =L1 2pW2 c) and according to 2D 
steady thin acrofoil theory is equal to 27rsincf for inviscid, attached flow. Also 
from figure (3.2) it can be seen that IV = UDsina so that using equation (3.6) it 

can be shown that if unsteady effects and cascade effects are neglected and it is 

assumed that the blades are of high aspect ratio : 

(3.7) Ar (t) = 7r u,, (t) c 

This means that since UD(L) is taken to be constant along the blade span the 
assumption that the blade circulation does also not %-. Iry radially is not a bad one 
for a rectangular blade with constant chord c. 

81 



For the wholc bladc the total lift L(t) is given by 

Rr 
(3.8) L (t) p 

fo W(r, t) Arw dr 

The total axial force acting on all of the ti blades FX(t) 11.5ing equation (3.2) is 

(3-9) F, ý (t) = 
L' 

pn4 &r(t) 
2 

Rom tile geometrical definitions in figure (3.3) it is seen that 

(3-10) n= 
2r 
Z-O 

where AO is the angular spacing of the blades. If At is the time during which tile 
rotor blades move through AO so that the geometry of the flow is reproduced then: 

AO 
At 

and it follows that 

2 
Ar(t) 

(3-12) Fx (t) = 7r P4 At 

The axial force of all blades can be considered as equivalent to a pressure dif- 
ference across the actuator disc it can be seen that the pressure drop across the 
rotor disc is proportional to the shedding rate Ar(t)/At. After every time in- 

crement At during which the rotor blades rotate through AO = IlAt, it can be 

seen from figure (3.3) that the circulation r in the wake is increased by Ar. This 

circulation is absorbed in tile single vortex ring the total strength of which as 
a result oscillates with time. Therefore rf Ar or in the limit as ii -+ oo 
(Ar/At) -4 (drldt). 

The mean power produced by the rotor over a full flow cycle of period T is, 
therefore, given by 

(3-13) 
1 fT (U(t) 

_ 
r(t)) 

7r p, 
dr(t) 

dt UD (t) Fx (t) = 1; a cl 2RT dt 

However, for a sintisoidal variation or r(t), over a full cycle 

dr 1 rnT dr 
, TZ rTdt r 
'T dt 

[r 2 (mT) -r 
2(o)] 

2m aT 
0 

(3.14) 
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where m=1,2,3, .... 

As a result the expression for the incan power reduces to 

(3.15) 
Tu dr dt 

o T, 
A power coefficient UT may be defined as the incan power of the rotor P(t) di. 

vided by the maximum energy flux passing through the swept area of the turbine 
rotor 7rIOr in its absence: 

(3.16) CP(t) = 
P(t) 

1 1/2 p U03 7r 

Substituting the expression of equation (3.15) 

(3-17) 
IT 

U(t) dr(t) dt Uo' T 
lo 

dt 
Using equation (3.7) drldt is given by: 

(3-18) 
dr(t) 

== 7r UD(t) a (fl R-r) 
dt At 

where 
nc 

a= i-i-rRT 

is the blade solidity. Substituting into equation (3.17) the expression for Up- be- 

comes 
27r 2r 1 rT 

, 3, (3-19) Cp = Uy aQ RT U(t)2 - D- - u(t) r(t) dt 
00 Taf)RrýRTJ 

The tip speed ratio A is defined as A= (URTIUO) and is a minimum for constant 
RPNI rotation since A varies with time. This definition can be introduced into 
equation (3-18) to give 

(3-20) 
dr(t) 

=7raAUo U(t)- 
r 

dt 2 Rr 

This differential equation has the solution: 

(3.21) 

where 

ra sin(wt) +b cos(wt) 

2 RT 02 A2 Uo KC2 

a4+ C2 A2 KCI 
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4 Rr aA Uo KC bI+ 
a2 A2 1%1 

, 
C2 

(3.22) 

Substitution of this solution in equation (3.19) results in : 

(3.23) up- =4 
7r aA 

4+ a2 A2 KC2 
This gives the variation of the mean power coefficient as a function of the lloll- 
dimensional parameter aA. From equation (3.23) the mean rotor power coefficient 
has a maximum when 

(3.24) aA =2 KC 
for which 

(3.25) CPrn" = 
7r 

KC 
This shows that the power coefficient and therefore the apparent fluid dynamic 
efficiency tends to oo as KC tends towards zero. If however, KC is increased 
to large values the peak cyclic efficiency of the unducted turbine measured by 

would be expected to tends towards the value for the ideal turbine effi- 
ciency achievable in unidirectional steady flow which is 0.59. It must therefore 
be concluded not surprisingly from the assumptions made t1j.,, vt the above theory 
does not hold for large values of KC. 

Clearly, for small values of KC, Cp 
...... can be greater than unity. This can 

only be due to the action of the rotor wake, represented here by a concentrated 
vortex ring. An apparent physical interpretation of the above result is that on 
the return cycle of the oscillatory incident flow the back flow induced by the 
vortex ring augments the flow through the rotor disc by bringing in momentum 
from a larger region acting rather like the wind energy concentrators proposed 
for wind turbines. However, as the present result depends on a number of major 
simplifying assumptions it will be very important to test it. 

In the above definition the mean (cyclic) power coefficient is based on the cube 
of the peak incident velocity Uo and, therefore, underestimates the efficiency. The 

real fluid dynamic efficiency over a full flow cycle should be based on -U1 and is 
higher than that derived in the above analysis. 
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3.2.2 The Improved Theory 

General 

The derivation of the actuator disc theory given in the previous section has pro- 
duced an analytical expression for the turbine power coefficient as a function of 
various flow parameters and the rotor geometry by making a number of simpli. 
fying assumptions about the rotor wake structure and its influence on the flow 
through the plane of rotation. 

In order to assess the validity of these assumptions and gain ftirther insight 
into the wake behaviour a more sophisticated numerical model was- developed (as 
well as the experimental tests described in a later section). This model allows n 
more detailed analysis of the span wise variation of the flow through the rotor 
and to some extent models tile convection of tile rotor wake. In the following text 
this model is referred to am 'tile (improved) numerical model' as opposed to 'tile 
(actuator disc) theory', which denominates the basic theory described above. It 
is described in the following in concept and numerical implementation. 

Wake Representation 

A more complete theoretical description of the rotor wake structure would need 
to model the approximately helical shape formed by the shear layers shed from 

each turbine blade as they are convected away from the rotor as well w, their roll 
up further downstream. 

Pesmajoglou and Graham (1994) have successfully performed an inviscid nu- 
merical simulation of a wind turbine rotor wake in unsteady unidirectional flow 

using a vortex lattice method, which modelled tile rotor blades by a lattice of 
vortex panels placed on the camber line of the individual blade sections. This 

method in its original implementation allowed for time dependent turbulent fluc- 
tuations of tile unidirectional incident flow and modelled the wake downstream 

of the rotor by shedding vortex panels after each computational time step along 
the entire trailing edge of each rotor blade. The initial orientation of each shed 
wake panel was determined by enforcing a Kutta condition at the trailing edge of 
each modelled blade section, which for attached flow forces the wake panel to be 

aligned with the camber line of the section. For the sake of computational effi- 
ciency an amalgamation scheme was implemented for the force free wake, which 
consisted of the slied vortex panels that were iteratively aligned with tile local 
flow so that there was no pressure jump across the them. 

An adaption to the more complicated oscillating flow situation where the wake 
reverses direction and is swept back through the rotor was initially considered 
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feasible. The existing FORTRAN77 code was changed to allow for sinusoidal 
variation of the free stream velocity. It was soon m-Mised, however, froln solue 
trial computations carried out that as the flow reversed direction tile motion of 
the wake panels became increasingly chaotic and unstable. The numerical 11la- 
nipulation required to stabilise the behaviour of the wake panels and force more 
controlled wake roll-up using this method was not attempted since, within tile 
project objectives and time scale, it was decided that a more stable intermediate 
model would be a less risky alternative. 

A simpler, computationally cheaper approach which represents a more direct 

extension of the basic theory was, therefore, chosen to describe the rotor wake. 
In this more detailed model tile bound circulation of the blade is allowed to vary ill 
the span wise direction and vorticity is thus shed not only at tile blade tip but from 
the trailing edge along the entire blade span. In order to maintain computational 
efficiency and numerical stability it was decided that -all shed circulation from 

each radial station as in tile basic actuator disc analysis, should be absorbed 
into and represented by a single concentrated circular vortex ring whose axis is 

concentric with the rotational axis of the rotor. Using a separate vortex ring 
for each span wise station was considered but flow visualisation -discussed in the 
following report chapter- indicated a strong roll up of the wake in a single vortex 
ring. Hence this model which also assurnes a large number of blades (azimuthal 

averaging) was adopted. This simplification is considered legitimate for small KC 
flows. In contrast to the simpler theory in the improved model the vortex ring is 

not fixed in the rotor plane but is allowed to convect away from the rotor as it 

grows in strength, under the influence of tile incident flow and its own induced 

velocity. 
A similar approach was used by Niontgomeric (1985) to model tile wake in- 

duced back flow for a horizontal axis wind turbine rotor operating in unidirec- 
tional, unsteady flow. In his approach a time stepping routine was implemented 
in which a sequence of vortex rings whose strength was related to the blade cir- 
culation were released at fixed time intervals and were convected away from tile 
rotor at the free stream velocity. 

In the current numerical study the vortex ring formation is performed accord- 
ing to the model originally developed by Brown and Michael to analyse vortex 
shedding from the sharp leading edge of a slender delta wing (1955). However, 
since then the model has been further developed and applied by a number of 
researchers for a, %mriety of different unsteady vortex flows: Lowson (1973) used 
an extension of the model for separated flows on slender wings in unsteady mo- 
tion. Graharn (1980) used the method to calculate the forces on sharp edged 
cylinders in oscillatory flow at low KC numbers. More recently, roll damping due 
to vortex shedding from slender ship hulls was calculated by Al-Ilukail (1993) 

utilising the same equations as Brown and Michael. The main features of the 
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inodel are discussed in some detail by Graliam (1977) for vortex shedding from 
sharp edges for which, in the model, the vorticity is concentrat(A into a sin. 
gle line (or ring) but the convection speed is modified to take account of growth 
in the circulation of the vortex due to the shedding from the sharp edge of a body. 

In the physical starting flow around a sharp edged body the field is dominated 
by a growing spiral vortex sheet emanating from the sluarp edge. The Brown and 
Michael model represents this spiral by a concentrated line vortex and a so called 
$cut' which constitutes the feeding sheet. For two dimensional flow the model 
idealisation of the real flow becomes a point vortex and a line cut. By imposing a 
zero total force condition on the point vortex itself and the feeding sheet. analyti. 
cal expressions for the growth and movement of the point vortex can be derived. 
These expressions become equivalent to the usual convection of a free vortex by 
the locally induced flow when its circulation is constant but are modified in gen. 
cral to account for the effects of changing circulation. 

In analogy to this model the current model is set up to study the vortex 
wake behaviour by concentrated growing vortex rings. As suggested by Grahain 
(1977), each vortex ring grows until it is shed ('released' from the rotor and a 
new vortex ring started) when the time rate of change of the vortex ring circula- 
tion is zero. The strength of the vortex ring is fixed and in principle should not 
change from then on. Subsequent to shedding the vortex ring moves due only 
to convection. This is dependent on the velocity imposed by the free streani as 
well as velocities induced by other vortex rings present. In the case of a ring 
vortex unlike a straight line vortex there is also an additional convection velocity 
induced by the shed vortex ring on itself. The velocity induced by vortex rings 
which have been shed on each other is calculated according to tile Biot-Savart 
law. Lamb (1932) has studied the speed at which thin cored vortex rings travel. 
This tends to oo as tile vortex ring core tends to zero and lie gives an equation 
for it which is used in the present numerical model to calculate tile self-induced 
component of the vortex ring convection. 

The computational efficiency of the numerical model over a large number of 
flow cycles is enhanced by imposing a limit on the number of vortex rings in the 
calculation. For long run times this is achieved as follows. On shedding each 
vortex ring is artificially decayed exponentially once it has moved away from the 

rotor so that it can be removed from the computation without causing instabil- 
ities in the numerical solution. For an infinite Reynolds number flow, strictly, 
there is no physical reason for the vortex rings to decay. However, in other dis- 

crete vortex calculations it is not unusual for the sake of convenience to introduce 

artificial decay. In reality reduction of circulation is only possible due to diffusion 

at r=0 or with other rings. 
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As faras the current numerical niodel is concerned the convected vortex rings 
only directly affect the computation of the rotor power by the velocities they 
induce in the plane of rotation. However, they also have an indirect efrect oil 
the cornputation even when they have convected far away front tile rotor because 
they affect the position of other shed vortex rings closer to the rotor which inducc 
larger velocities at the rotor disc. If, therefore, a vortex ring which has convected 
far away from the rotor is removed from the computation the system of vortex 
rings which form the far field of the flow may become destabilised. The extent 
of this destabilisation is in proportion to the strength of the vortex rings in tile 
far field. For this reason the numerical decay was introduced, which reduces the 
strength of the far field vortex rings which can, as a result, be more 'silloothly, 
removed from the numerical model. The vortex ring decay was initiated when 
the radial convection of the vortex ring core had reached nominally three times 
the rotor radius. 

The basic actuator disc theory given earlier assumes that the back flow due 
to the presence of the vortex ring has no span wise variation and is in fact ap- 
proximated by the induced velocity on the centre line of the rotor. In contrast 
to this, the improved model calculates the radial variation of the induced axial 
velocity Ur due to all vortex rings. Consequently, in this model, there is also 
a span wise variation of UD = UD(r, t) and the blade circulation r= r(r, t). 
The turbine power in this improved numerical model is as in the simpler analysis 
inferred from blade element theory. 

3.2.3 Mathematical Description And Numerical Imple- 
mentation 

The Vortex Iling Formation 

Due to the assumed axisymmetric nature of the flow field it is possible to re- 
duce the calculation of the vortex ring formation to two dimensions. In this case 
the vortex ring is represented by a point vortex in a sectional plane of the flow. 
Figure (3.4) shows the idealisation of the time dependent inviscid flow past the 
turbine rotor used to apply the Brown and Michael model which controls the vor- 
tex motion. The idealisation consists of the intersection of the vortex ring with 
the plane (0 = 0,7r) which appears -is two point vortices or strength r(t) and 
their feeding sheets originating from the centres of the tit elements into which the 
blade has been divided. According to the analysis of Brown and Michael (1955) 
a zero-force boundary condition is applied to the cut and the point vortex. At- 
Ilukail (1993) from this derived the following time dependent analogue formula 
for a single point vortex being fed from a feeding sliect which extends between 
the vortex position and the starting point of the feeding sheet 
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Figure 3.4: The Brown And Michael Model For The Wells lbrbine Rotor 

(3.26) 
dr(t) 

SO se) + r(t) 
&ro 

- 170) =0 ýt- (( 
dt 

where VO is tile value of the velocity field at the point vortex and (So - zr, ) is 
tile length of the feeding sheet. The first term of equation (3.26) represents the 
force acting on the feeding sheet while the second is the force on the vortex. 
Strictly this equation which is for planar flow should be modified for tile effect 
of axisymmetry on the forces. However, the modification is small if the length of 
the feeding sheet is not very large compared with its mean radius. 

Equation(3.26) may be rearranged: 

-) dr(t) 
(3.27) CI so = 17, rodt - (so - s, F(t) 

Adapting equation (3.27) to incorporate sliMding from all tit blade elements 
which each feed dr(r, t) = (arInd/Or)5r into the point vortex this equation 
becomes 

M 
(. _ . )dr(t), (3.28) ds-o =1, 'odt - 

1=1 
SO S ej F(t) 
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wherc dr(t)j = dr(ri, t) 

Equation (3.28) may be numerically discretised for use in a time stepping 
routine which for given vaiucs of r at time step k calculates the new point vortex 
position so from 

in + 
(3.29) 50 SO + Atli" + j=l 

and the strength at the new time step k+I from 

in 
(3.30) rk+, =rk+ drk+l 

J=j 

The value of 110(t) at a given time is defined by 

(3.31) 170(t) = U(t) + 170i. d(t) 

where I'Oind(t) is the total induced velocity at io*(t). It is composed of the contri- 
bution of all vortex rings in the flow field I!. (t) and the velocity component which 
tile vortex ring induces on itself Vs(t): 

nrings 

+ vs (3.32) vo (t) =u (t) +FV 

Motion and growth of the vortex ring are computed in a time stepping algorithm 
according to these equations until the shedding criterion (dr(t)1dt)=O is reached, 
whereupon growth is terminated, the ring is slied and a new vortex ring of op- 
posite sign is formed on the other side of the rotor. Since for slied vortex rings 
(dr(t)1dt)=O, equation (3-28) reduces to 

(3.33) SO = 'Co(t)dt 

which is the usual convection equation for point vortices. 

It should at this point be noted that the shedding criterion enforced above 
in analogy to calculations for shedding phenomena with only one feeding shect 
allows the vortex ring just prior to being slied to absorb some circulation of the 
opposite sign from from some stations while the total rate of change of vorticity 
has still not yet reversed sign. This is due to the span wise variatioll of UD(r, t) 

which as the free stream velocity becomes small towards the end of one half of 
a flow cycle has a sign change with respect to radius as shown ill figure (3.5). 
In contrast to this model which enforces an exclusive. downstream orientation of 
the feeding sheets irrespective of the sign of their vorticity until the total of the 
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feeding vorticity changes sign an alternative model is also sugge-sted in figure (3.5) 
and has been numerically explored. This essentially differs from the previous set 
up in that a new vortex ring is formed as soon as the vorticity in any of the 
feeding shects changes sign. Towards the end of the c. -ach half of a flow cycle this 
model actually maintains two simultaneously growing vortex rings. 

d r(r, t) >o 

r l(t) 

qfý .......... 

Figure 3.5: Alternative Vortex Shedding Model For Wells Mirbine Rotor 

The Induced Velocities Due to an Axisymmetric Vortex Ring 

The vortex rings used in the numerical method represent axisymmetric circular 
vortex filaments of constant strength r and are assumed to have an infinitesimally 

small core. The velocity field due to a vortex filament in inviscid incompressible 
flow is given by the Biot-Savart law. Formulated for a vortex segment of length 
di the velocity dV induced by at a point P which is at a radial distance r- is: T 

r dl x (3.34) dV =- 4r I rl 3 

where by definition dV is perpendicular to dt and 

Applying this the velocity induced by the whole vortex ringat a general point 
is 

ä-l" r 2- di x tý 
4r 

lo 
irl, 
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De Bernardinis (1980) who studied oscillatory past flat discs developed this equa. 
tion for an arbitrary point in 3 dimensional space and obtained fairly complicated 
expremions for the velocity components comprising elliptic integrals. For tile cur- 
rent study an analytically simpler approach outlined by Katz and Plotkin (1991) 

and applied for planar rectangular vortex rings by Pesmajoglou wws chosen. In 

this solution to the problem the vortex ring is geometrically approximated by a 
finite number of straight line segments of length dl anti circulation r. For each 
of thesc segments the induced velocity at some point P may be Calculated using 
equation (3-35), which is easily implemented for a straight line segment: 

Consider the vortex line segment & schematised in figure(M). If the position 

z 

dl 
r2 

(2) 

rr 

dV 
ro 

Figure 3.6: Straight Line Vortex Model 

of point P is given by - and the distances to the ends of the line segment are r', ro 
and r- then the induced velocity, by equation (3.35), is: 2 

r fi x-ý(ý (3.36) dV - 
r2 ri 

- 
r2 

47r jr, x 17*21' 
0 

ri r2 

It is clear that equation (3.36) has a singularity if P lies on the vortex segment. 
This case is given special treatment when the method is computationally executed 
by setting the value of the induced velocity to zero if r-, or r2 are very small or 
zero. If the vortex ring consists of itscg straight line segments then tile induced 

velocity V due to the whole vortex ring is 
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(3.37) 
nseg 

. Z dlfj 
J=l 

where dVj is the contributionof t1le j9h SCajj, (! jjt Wj, iCjj is ealculated from 
equation (3.36). Since the vortex rings are defined to be planar their coordinates 
for a given stream wise location x is given by F, = Fj(yj(Oj), zj(Oj)). As illustrated 
in figure (3.7) 
(3.38) yj = acosOj 
(3.39) zj asittOj 
(3.40) Oi+l Oj + dO 

where a is the radius of the vortex ring and dO = 2r/nscg 
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%% 

%% 

%% 0'#0 

00 

#0 

01 

--------- ------- 

d0 0,: %%% 

0f 

%% 

% 

Figure 3.7: Straight Line Vortex Ring Model 

The analytical result for the induced velocity ti by a vortex ring at a point 
which lies on its axis of symmetry is derived by Duncan, Thom and Young (1960) 

93 



as: 

(3.41) U= 
ra 2 

2(a2 + X2)3/2 

where x is the distance along the axis. 

In figure (3.8) a comparison between the above approximate juethod for a 
vortex ring comprising of 30 line segments and the exact result for a ring of unit 
radius is shown. 

When the arbitrary point moves onto the ring the inducal velocity becomes, 
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Figure 3.8: Centerline Induced Velocities 

infinite and must be carefully considered. Lamb has shown that the vortex ring 
induces an axial velocity on itself which for -a thin cored vortex is: 

S jr -r 
8R 

0.25) (3.42) Self ̀  TrR 
(log 

CO 

where R is the radius of the vortex ring and co is the vortex core radius. 

In the present case the vortex ring is representing a rolling up spiral vortex 
sheet. From empirical observation the size of this rolled up region of the vortex 
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core is related to the distance from the shedding point. In the numerical model is 
taken to be equal to lialf the distance from the shedding point, which is a fairly 

arbitrary definition. The maxitnurn core size is specified to be limited hy tile 
radius of tile vortex ring. When the vortex ring has been shed the size of the core 
stays constant. Inside the defined core area the velocity field is treated ns that 
of a2 dimensional vortex with solid rotation in the core: 

u=u (r) for r> cO 
u= u(r) * r/co for r, co 

Others (eg. De Bernardinis (1980) ) have used a similar 'cut-off' to represent this 
effect. 

The Flow Through The Rotor 

The general methodology of tile turbine performance computation is as for the 
actuator disk type theory given earlier based on a blade element npproach. In tile 
numerical implementation the rotor blades are represented by a number of span 
wise elements which are treated as isolated aerofoils and at which tile velocity 
field is computed. Figure (3.2) shows the defined components of velocity locally 
incident to the blades. The net axial velocity at the rotor Uj)(r, t) is taken to be: 

(3.43) UD (r, t) = U(t) - Ur (r, t) 

U(t) is the free stream and Ur(r, t) is calculated as the net induced axial velocity 
at the blade element due to all the vortex rings present in the flow field: 

nrings 

(3.44) Ur (r, t) E q, (t) 

where qi(t) is determined for each vortex ring from equation. 

Applying the steady flow Kutta-Joukowski theorem for attached flow the span 
wise, variation of the bound circulation on each blade is given by the thin acrofoil 
theory as: 

(3.45) r(r, t) = 7r c(r) UD(r, 

This distribution is used to compute in finite difference form the value of circu- 
lation shed from each blade element Ar(r, t) to retain continuitY of circulation 
everywhere. It is schematised in figure (3.9) in its numerical discretisation. 

The wi, oic of Ar(r, t) is slied when a blade has moved through an angle 
AO = 2-r/n, where n is the number of rotor blades. For a constant angular 
veiocityo,. Ar(r, t)/Atthe rate at which the bound circulation is shed into tile 

concentrated vortex ringis therefore: 
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Figure 3.9: Blade Circulation 

(3.46) 
Ar(r, t)shed 

= Ar(r, t)bound 
fill 

At ý -1r 

The Turbine Performance 

Equation (3-3) states the power produced by a blade element in terms of its 
radial position r, the rotor angular velocity Q and the tangential thrust FT(r, t). 
By inspection of the defined incident velocities and acting blade forces shown in 
figure (3.2) the following expression for the power contribution of the element is 
derived: 

(3.47) dP (r, t) = 1/2 p c(r) Cl, (r, t) UD (r, t) Ut (r, t) IV (r, t) 

where Ut(r, t) = Or. The hub vortex which only generates swirl has been 
neglected. 

For the entire blade, therefore, the power produced is 

rt 
(3.48) P= 1/2p Ir 

J% 
c(r) Ct, (r, t) UD(r, t) UI(r, t) IV(r, L) dr 

The turbine efficiency is defined in terms of tile 1)ower coefficient Cp(t), which 
-is stated in equation (3.48) gives: 
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2 rt 
(3.49) Cp(t) W 7r 

rt 
fr. 

c(r) CL, (r, t) UD(r, t) Uj(r, t) 111(r, t) dr 

and a cyclic mean is formulated as: 
T 

(3-50) CP(t) =T 
Jo Cp(t)dt 

By analogy with the above analysis for tllc turbine shaft power, the axial force 
produced by a blade element is : 

(3.51) dFx(r, t) = 1/2 pc(r) CL(r, t) Ut(r, t) IV(r, t) 
Accordingly, the axial force produced by a blade is 

re 
rn% (3.52) Fx (t) = 1/2 p 

irk 
c(r) CL(r, t) Ut(r, t) I V(r, t) dr 

and if an axial force coefficient is defined as 

(3-53) CX W= FX(t) 
1/2 p Uý' 7r 

then for the total axial force of the rotor: 
re (3.54) CX (t) =I c(r) CL(r, t) UI(r, t) IV(r, t) dr Lroý 7rM, 
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3.3 Results 

3.3.1 The Actuator Disc Theory 
The theory derived in the preceding section for an unducted Wells turbine op- 
crating in sinusoidal. small KC number flow gives an analytical expression for 
the mean cyclic power coefficient Cp- which is given in equation (3.23) and is a 
measure of the turbine fluid dynamic efficiencY. A grnphical illustration of the 
dependency of Up- on the dimensionim quantities aA and KC is given in figure 
(3.10), which presents Up- as a function of aA for a number of KC values. At 

V 

"1 

Figure 3.10: Mean PoNver Coefficient Up- vs aA 

all values of KC the gradient allp_10(aA) of the curve is fairly large for values 
of aA which are significantly smaller than the, %-alue for optimum rotor efficiency 
given by (aA),, pt = 21KC according to equation (3.24). Forvalues of CrA greater 
than this it is evident that Up- is not as strong a function of aA. As formu- 
lated in equation (3.25) the curves reveal a strong non-linear KC dependency of 
the maximum turbine efficiency Up-;:; which is illustrated in figure (3.11) below. 
This shows that especially at small amplitude to rotor diameter ratios large gains 
in fluid dynamic efficiency of the turbine may be achieved by small changes in KC. 

Moreover, it is clear that the theory predicts that maximum power coefficients 
greater than unity are possible. This Nvas discussed earlier in the derivation of 
the theory and Nvas attributed to the induced back flows of the rotorwake. 
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Figure 3.11: Vp-;:; %-. KC 

A better understanding of the vortex wake action causing the above Up- char- 
acteristics are obtained in the following: 

If the effect of the rotor wake is neglected, then the velocity through tile 
rotor disc, UD(t) is equal to the free stream velocity U(t). It can be shown using 
equations (3-1 71) and (3.18) that in this case 

(3-55) VP-nowake = 7raA 

This equation gives the ideal cyclic turbine efficiency in sinusoidal flow in the 
absence of any wake losses and is included above in figure (3.10) as a solid line. 
An equivalent expression may be derived for steady unidirectional flow for which 
Cp.,, k, = 47raA. In steady unidirectional flow the turbine efficiency is rather 
strongly reduced from this ideal value due to the axial back flow induced by the 
rotor wake, which always acts in opposition to the free stream velocity. 

It is further clear from figure (3.10) that in unducted oscillatory flow the cyclic 
rotor efficiency is also reduced from the ideal value which the rotor would achieve 
in the absence of wake losses. However, particularly for small values of KC, it 
can be seen that over a range of aA values the efficiency calculated according 
to equation (3.23) reduces by a comparatively small extent from that given by 
equation (3.55). This indicates that the wake in oscillatory flow acts so that the 
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mean flow velocity through the rotor is inuch less reduced from the free stream 
value than in unidirectional flow. As suggested earlier this must mean that for 
a part of a flow cycle the induced back flow from the rotor wake is in the same 
direction as the free stream. This is studied in more detail in the following. 

By comparing equation (3.55) with equation (3.23) a wake loss factor it may 
lip defined ws 
(3-56) 

CPwake 

UPnovake 
1 

1+0.25(aA)2KC2 

and, thereforc, Vp- = p7raA. 

Figure (3-12) below shows it as a function of aA at different values of KC. 

I 
it I 

Figure 3.12: li vs aA 

It can be seen in the above figure that at higher values of KC the wake losses 
initially increase rapidly with aA i. e. as the rotor %%-ak-e increases in strength. 
However, the curves shown for a number of higher KC, %-alues flatten off as the 
N-alues of aA becomes quite large. This shows that be), ond a certain level at 
large KC the wake losses are relatively insensitive to the strength of the wake. In 
contrast, for small values of KC the curves shown suggest a much more gradual 
increase in, %vak-e losses as the the rotor wake increases in strength. 
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It is clear that the sensitivity of it to KC anti aA given by OpIOKC mid 
Ojj1O(aA) varies. From equation (3.56) it is found that 

(3.57) 
01110KC aA 
OpIO(aA) - TC-C 

'IS -q This incans that the relative sensitivity of the wake losses to KC iticre. e 
linearly with aA. 

The effect of the rotor wake can be studied in more detail by rewriting equation 
(3.18) as 
(3.58) 

Ar 
= 7r aA UO UD(t) ET 

where UO is tile peak velocity of the sinusoidal free stream. This equation shows 
that the strength of the wake is directly proportional to aA. Substitution into 

equation (3-17) gives 

2T aA UD(t) 
(3-59) Z" I 

T- U(t) dt DT a cc uo 

where DT is the rotor diameter and T is the period of the flow. 

I 
Figure 3.13: UD (t) vs t1T 
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The equations of the actuator disc theory given in the previous section were 
programmed as a time stepping routine in FORTRAN77, which was used to com. 
putc the cyclic variation of UD(t). Results obtained for ix or 2.0 at a number of 
aA values greater and smaller than that for optimum rotor eflicicncy are presented 
in, figure (3.13). The graph shows the variation of UD(t) and U(t) normalised by 
UO over a full cycle. 

It is apparent that UD(t) has a sinusoidal behaviour and is shifted relative to 
U(t) by some phase angle r. This phase shift is obviously due to the back flow 
induced by the vortex ring which causes UD(t) to change sign ahead of free Stream 
flow reversal. UD(t) may now be written as UD(t) = dDsin(wt +, r), where &D 
is the peak velocity through the rotor and w= 21r/T. Substitution in equation 
(3.59) leads to 

27r T 
(3-60) UP rb 

fo 

sin(wt) sin(wt +, r) dt 

where r. =aA (ODlUo). 

For a given flow period, therefore, Up- depends only on r. and the phase angle. 
The variation of r. and 7- with aA is quantified for KC=2 in figures: (3.14) and 
(3-15) below. 

Cie 

Figure 3.14: KC=2.0 -x vs aA 
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Figure 3.15: I<C=2.0 - -r vs aA 

It can be seen that the gradient of both curves decreases at higlivalues of aA, 
which explains the comparative insensitivity of the %N-ake losses to aA shown in 
figure (3.12) and expressed in equation (3.57) for turbine operation in this regime. 

An interesting result of the theory is presented below in figure (3.16), which 
shows the computed variation of UD(t)IUO in time for different KC at respec. 
tive values of (aA),, pt. It appears that when the turbine is operating at Cp,,,,, 
the variation of UD(t)lUo is independent of KC with (ODIUO), 

Pt = 0.72 and 
, r. t = 0.064/7r. This result may be verified from equation (3.59) which after 
substitution of aA = 21KC by comparison with equation (3.25) gives 

T UD fo 
sin(wt) U- sin(wt +7-) dt 

no 

which is satisfied by the derived %-alues of(OD/Uo). pe and rpt. 

Also shown in figure (3-16) is the corresponding axial back flow velocity Ur(t) 
induced by the vortex ring. This velocity is presented in normalised form as the 
axial back flow factor ao(t) which is defined as al)(t) = Ur(t)/Uo. From the figure 
it is evident that ao(t) varies sinusoidally with time so that ao(t) = dosin(wWr. ). 
In fact, as is also illustrated in figure (3-16), it is found that when the turbine 
is operating at maximum efficiency (ho),, pj = (CID). pt and (r. ). pt = (r),, pt + 7r/2. 
This condition for achieving the optimum efficiency is the oscillating flow equiv- 
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Figure 3.16: UD(t),, pt And ao(t). pt vs t1T 

alent to the well known steady flow result which states that the maximum ideal 
turbine efficiency of 0.59 (16/27) in inviscid flow occurs for an axial back flow 

coefficient of 1/3. 

3.3.2 The Improved Numerical Model - Small KC Flow 

Vortex Ring Formation And Convection 

In the following, the rotor wake behaviour in small amplitude oscillatory flow is 

numerically studied for a KC number of 1.0 using the improved numerical model 
outlined in the previous report section. The results of the computations shown 
below were produced for a tip speed ratio A of 10.0 and aA=0.570. 

Figures (3.17) - (3.22) show a sectional presentation (noting the defined sym. 
metry of the flow field) of the motion in discretised time steps of 1/10 of the flow 

cycle period T of the most recently formed vortex rings after 14 completed flow 

cycles. The vortex rings are depicted by circles the radius of which is proportional 
to their respective strength r(t). 

A notable flow feature is the strong unidirectional bias of tile stream wise 
convection of the shed rings, which is initially stronger in tile radial direction 
than in line with the flow. 
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Figure 3.17: Vortex Iting Motion KC = 1.0 ; aA = 0.570 
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Figure 3.18: Vortex 11ing Motion KC = 1.0 ; aA = 0.570 
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Figure 3.19: Vortex Iling Motion KC = 1.0 ; aA = 0.570 
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Figure 3.20: Vortex Ring Motion KC 1.0 ; aA = 0.570 
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Further, it is apparent that the vortex ring growing during the first half of tile 
flow cycle stays close to the rotor tip during its formation. The depicted strealn 
wise convection of the nascent vortex ring is around 40% Rr. This suggests that 
for small KC flows the assumption made in the actuator disc theory that tile 
stream wise convection is small is not a bad one for this part of the flow cycle. 
Ili contrast, the convection of the nascent second vortex ring is somewhat greater 
since it evidently is forced to radially expand as the vortex ring formed on tile 
first half of the cycle is swept back over the rotor. 

In fact, the two, rings subsequently pair tip and convect away front tile ro. 
tor under mutual influence. Clearly, this behaviour is somewhat different from 
the assumptions made in the actuator disc theory which proposes an entirely 
symmetrical wake structure over the the two sequential half flow cycles. The 
implications of this for the fluid dynamic performance of the rotor is discussed 
later in the report. 

Evident in this illustration is also an imbalance of the vortex ring strength of 
the two rings formed during a flow cycle. Given that the vortex rings pair up it 

actually is this imbalance that causes the unidirectional stream wise convection 
and the apparent curved path of motion of the vortex pair. The extent of stream 
wise convection of the vortex ring pairs is therefore a direct indication of the 
imbalance of the paired rings. This imbalance is quantified in figure (3.23) which 
shows the normalised strength r, )(t)l(u,, R, ) of a number of the most recently 
formed vortex rings as a function of time. 
Figure (3.24) shows the axial velocity induced on the centre line of the rotor due 

to individual vortex rings and the net induced velocity calculated as the sum of 
all contributions. It can be seen that due to the pairing of the vortex rings their 
cffect in the plane of rotation almost cancels. Because, however, the paired vortex 
rings are not exactly equal and opposite in strength there is a residual component 
of induced velocity in the rotor plane. Overall, however, it is apparent that as a 
result of this pairing process the flow field in the rotor plane during a given flow 

cycle is dominated by the two vortex rings formed during that cycle. 
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Figure 3.23: Vortex Iting Circulation 

8 

C 

Figure 3.24: Vortex Ring Induced Velocities on Rotor Centreline 

109 

14.0 143 13.0 IS3 1&0 16.3 17.0 17.3 INV 
Lrr 

14.0 145 13.0 ISS 16.0 163 17.0 173 18-0 
ur 



Noteworthy also is the asymmetrical time variation of the net Induced veloc- 
ity on the centre line producing a non zero mean. This is due to the describetl 
difference in vortex ring convection during the formation period oil tile two luillvm, 
of the flow cycle as Nvell as the imbalance of paired vortex rings. 

Figure (3-25) tracks tile variation of the core radius a(t) to the vortex ring 
radius r(t) with time for a number of vortex rings. It can be sect, that tile ring 
grows rapidly on both halves of the flow cycle until it is shed slightly alicad of flow 
reversal when a(t)/r(t) reaches a maximum and the core growth is terminated. 
After the rings have been shed a(t)/r(t) decreases in a Ilt fashion because r 
increases while a(t) remains constant. 

0 

c 

Figure 3.25: Vortex Ring Radius a(t) 

It is apparent that in the first few computational time steps the newly formed 
vortex rings see a rapid increase in a(t)/r(t). An explanation of this is offered in 
figure (3.26) below which shows the development of the radial and stream wise 
coordinates r(t)and x(t) of the vortex core position as well as the core radius 
a(t). It can be seen that the dramatic increase in a(t)/r(t) is due to a rapid 
reduction in r(t) which results from the Brown and Michael model according to 
which the radial motion of the vortex ring is proportional to the ratio of tile newly 
shed circulation to the current strength of the absorbing vortex ring, dr/r. As 
is discussed in more detail in the following it is found that for the cases under 
consideration the vortex ring growth commences at a point in the flow cycle when 
the resultant flow'velocity UD(t) through the rotor and consequently the shedding 
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rate is high. It is due to this that the ratio of dr/r is initially high causing rapid 
radial motion of the vortex ring core. A more in depth understanding of the vortex 
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Figure 3.26: Initial Vortex Ring Crowth And Convection 

ring development may be obtained by considering the net induced axial and radial 
velocities as well as the self induced velocity, in the following denoted U,, jd(t), 
U, j"(t) and U,, If (t) respectively, which the vortex rings experience at the centre 
of their cores and according to which they are convected. These velocities are 
presented in figure (3.27) for the two vortex rings formed on the Gth flow cycle. 

It is apparent, that for the vortex ring formed on the first half of the cycle 
induced radial and axial velocities are initially small and of comparative magni. 
tude. This is due to the fact all previous shed rings have paired up and their 
effect on the growing ring almost cancels. U,, If (t) increases steadily until the 
strength of the vortex ring has reached a maximum, at which. point it almost 
equals U,, i,,, d(t) in magnitude. Because, during the phase or formation the sign 
of U,, df (t) is in opposition to the free stream it acts so as to retard the stream 
wise convection away from the rotor. When thevortex ring is shed and the flow 

reverses direction U,, If (t) actually aides the motion back through the rotor. 

As the new vortex ring on the other side of the rotor gains in strength and the 
two rings approach each other in space there is a dramatic increase in Utiw(t) for 

the first ring. From the start of its formation the second ring itself experiences a 
fairly large Uj"(t) due to the presence of the first ring. As is the case for the first 

ill 
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Figure 3.27: Velocities Induced on Vortex 11ings 

ring Ui"(t) increases equally as rapid as the proximity between the two rings 
grows. This explains the initially strong radial expansion and coalescence of tile 
two rings. However, when the two rings have paired up and move further away 
from the rotor their expansion becomes more strongly affected by the presence 
of the vortex rings shed on previous flow cycles. As far as U,. j,,, d(t) is concerned, 
it can be seen that until the vortex rings are very close together they do not 
appear to greatly affect each other. The pairing process gains emphasis in the 
presentation through the notable coalescence of U,, j,,, j(t) and Ujd(t) shown for 
the two vortex rings. Once they have paired up each mutually dominates the 
other's stream wise component of convection over the influence of other previ- 
ously formed rings until they have moved further au-ay from the rotor and other 
vortex pairs have been formed. 

Though, thewake structure described above Nvas initially stable computations 
carried out over a larger number of flow cycles showed that a different mode of 
-. vrtex ring motion can evolve as shown in figures (3.28) - (3.33) below. 
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Figure 3.28: Vortex Iling Motion KC = 1.0 ; aA = 0.570 
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Figure 3.29: Vortex Ring Motion KC = 1.0 ; aA = 0.570 
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Figure 3.30: Vortex Iling Motion KC = 1.0 ; aA = 0.570 
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Figure 3.31: Vortex Ring Motion KC = 1.0 ; aA = 0.570 
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Figure 3.32: Vortex Ring Motion KC = 1.0 ; aA = 0.570 
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Figure 3.33: Vortex Ring Motion KC = 1.0 ; aA = 0.570 
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In the sequence shown which occurred after 73 complete flow cycles the vor- 
tex ring convection is as was shown for previous flow cycles strongly dictated 
by radial expansion, but now shows a more balanced convection process on the 
sequential lialves of the flow cycle. It can be seen that the rings no longer pair up 
and move off together with the vortex ring formed first dominating the motion 
of the second from its point of formation. A further notable difference to the 
flow development discussed above is that in this mode both vortex rings shed on 
opposing sides of the rotor during one flow cycle are swept back over tile rotor 
subsequent to being slied. 

This flow development shows greater resemblance to that assumed for tile 
actuator disc theory given earlier. It will be shown later that for this transient 
wake mode there is better agreement betuven the performance predictions made 
from the two numerical models, as may be expected. 

Figures (3.34) and (3.35) further quantify the symmetry of the flow field show- 
ing that vortex rings shed on both halves of a flow cycle have near equal strength 
and, therefore, produce a more symmetrical variation of net induced velocity on 
the rotor centreline. 
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Figure 3.34: Vortex Iting Circulation 
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Figure 3.35: Vortex Iling Induced Velocities on Rotor Centreline 
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Figure 3.36: Velocities Induced on Vortex Itings 
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From figure (3.36) it can be seen that in this range of wake developinent 

all vortex rings experience a significant radial velocity from tile start or their 
formation which does not increase as rapidly as in the earlier wake mode while 
a vortex ring is growing. In contrast to the clizaracteristics of the earlier flow 

structure, it is the axial velocity experienced by the nascent ring that sees a 
rapid increase up to a maximum value which is reached just prior to tile point 
of shedding. On both lialves of the cycle the induced velocity Uj,, 

'd(t) exceeds 
U,, 11(t) whidi is in opposition to it so that in this case the net effect of all induced 

axial velocities is to promote a greater rate of convection away from the totor. 

Flow Through The Rotor And Mirbine Perfornutince 

In the deri%-ation of the numerical performance analysis it was shown that the 
rotor performance is strongly dependent on the net axial back flow Ur(t) induced 
by the rotor wake. Figure (3.37) shows the time dependent variation of the axial 
back flow factor Ur(t)lUo computed by the numerical model for KC=1.0 and 
aA = 0.570 at radial stations r/Rr = 0.00 / 0.15 / 0.51 / 0.96 (n. b. rlRr =0 is 
the centreline of the rotor) over two flow cycles which correspond to the vortex 
ring motion after 14 flow cycles shown in figures (3.17) - (3.22). 
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Figure 3.37: Ur(t)/Uo vs. (t1T) 
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Figure 3.38: UD(t)lUo vs. (t1T) 

While there is little difference in the variation of Ur(t) at r/Rr = 0.00 / 
0.15 and 0.051, which is almost 7r/2 out of phase with the free stream U(t), it 
is evident that the tip flow at r/RT = 0.96 is significantly different from that 
further inboard. In fact, it is seen that the sign changes of Ur(t) at r/Rr = 0.96 
are almost perfectly in phase with U(t). Considering the corresponding vortex 
ring motion it is clear that the flow at stations far outboard at this small KC is 
dominated by the proximity of the growing vortex ring cores which throughout 
the whole flow cycle always stay close to the tip. Most notable evidence of this 
arc discrete peaks in Ur(OlUo which occur at r/Rr = 0.96 when recently slied 
vortex rings move back through the rotor. More generally, it may be seen that 
Ur(t) at all radial stations along the blade shown reflect the asymmetry of the 
vortex wake development on sequential half cycles at this stage in the computa- 
tion. 

These results find emphasis in figure (3.38) which shows the variation of the 

resultant velocity UD(t) at the same radial blade stations as considered above. 
The figure demonstrates clearly that over the inboard stations of the blade shown 
the net flow velocity UD(t) deviates only insignificantly from its value on the cen- 
terline of the rotor and has a phase shift relative to U(t), which is due to the 

,. -, -ake action. This result gives some confidence in the assumption made in the 
simpler actuator disc theory that UD(t) does not vary radially. Obviously this 
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is untrue for the tip regions and the implications for the rotor performance are 
discussed in the following. 

For the inboard radial stations the wake asymmetry described above manifests 
itself as a 10% difference in peak values of UD(t) occurring on the two sequential 
halves of a flow cycle. Since the sign of Ur(t) at the tip was shown to be in phase 
with U(t) it is seen that UD(t) at r/Rr = 0.96 exceeds U(t) at all times. 
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Figure 3.39: dP, %, s. (t1T) 

Illustrated in figure (3.39) is the radial variation of the incremental blade 
element contributions at r/Rr = 0.33/0.51/0.87 to the instantaneous rotor power 
coefficient CP(t)- As can be expected from the behaviour of UD(t) presented the 
data shows asymmetrical variation on sequential halves of a flow cycle and a 
phase shift between the more inboard stations and the blade tip. It is notable 
that the blade elements at the tip are predicted to have higher contributions to 
the overall rotor power than those nearer the blade mid span and root. 

Figure (3.40) shows the resulting variation Cp(t) defined in equation(3.49) 
and calculated as the sum of the incremental blade element contributions. It is 
of interest to note that the variation of Cp(t) is thus on average in phase with 
U(t). As a result of the asymmetrical variation of UD(t) the cyclic variation of 
Cp(t) is clearly split into sequential 'high power' and 'low power' halves. It is 
interesting to note that the peak- instantaneous power coefficients shown in this 
figure are extraordinarily high. 
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Figure 3.40: Cp(t) vs. (t1T) 
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Figure 3.41: Cx(t) vs. (t1T) 

The, %-ariation of the rotor axial force coefficient Cx(t), shown in figure (3.41), 
is obviously not sinusoidal and as a result of the flow asymmetry clearly has a 
non-zero cyclic mean %, alue. This resultwould be expected from the motion of 
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the vortex rings described earlier and is compatible with the unidirectiolu'll WILS 
of the stream wise convection of tile paired vortex rings. 

However, de Bernardinis (1981) showed through numerical simulation that 
sharp edged, flat plates can produce a unidirectional mean cyclic axial force 
in small and moderate amplitude sinusoidal oscillatory flows. Interestingly, tile 
numerical technique employed by de Bernardinis was similar to the current nu- 
merical model in that it used concentrated point vort" elements which were 
shed from the sharp edge of the plates according to a formulation of tile Brown 
and Michael model. Further, de Bernardinis observed a strong tendency for tile 
vortex rings shed from the plates on sequential half cycles to pair up, in a inall. 
ner not dissimilar to that noted above for the case of an unducted Wells turbine 
operating in small KC flow. 

It is clear however, that the wake development that Causes this mean axial 
force is strongly affected by the idealisation of the spiral vortex wake as a concen- 
trated vortex ring. The interactions that occur in the numerical model between 
these idealised concentrated vortex rings may be expected to be more Oviolent, 
than in the real physical flow where the wake vorticity may not be quite as dis. 

cretely concentrated as in the computation. Nevertheless, for small amplitude 
oscillations tile wake roll up is expected to be a defining feature of the wake flow 

and it is not entirely obvious, therefore, that this biased %%-ake structure occurs 
only because of possible inadequacies in tile idealisation of the physical flow used 
in the numerical model. 

In the previous section it was shown that a more symmetrical flow structure 
can evolve after long enough a time in the numerical computations. As will be il- 
lustrated later these symmetrical flow structures don't numerically stabilise for a 
large number of cycles and are therefore only transient states in the computation. 
The variation of UD(t)lUo whichwas calculated for blade elements positioned at 
r/Rr = 0.15 / 0.51 / 0.96 shown in figure (3.42) corresponds to the convective 
behaviour of the vortex rings after 72 flow cycles which has been earlier illustrated 
in figure (3.28) - (3.33). At this stage in the computation UD(t) is near perfectly 
sinusoidal for r1RT = 0.15 / 0.51 with cyclic peak values of UD(t) at these po- 
sitions deviating by less than 1%. Apparent at these stations is also a decrease 

of phase shift relative to U(t) compared to the asymmetrical wake mode. This is 
due to reduced stream wise convection of the vortex rings. At r/Rr = 0.96 UD(O 
is still strongly influenced by the closeness of the vortex ring cores but also shows 
a less biased oscillation with cyclic peak values remaining constant to a similar 
extent to those at stations further inboard. 
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Figure 3.42: UD(t)IUO vs. (t1T) 
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Figure 3.43: Cp(t) vs. (t1T) 
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Figure 3.44: Cx(t) vs. (t1T) 

As a result of tile more balanced behaviour of UD(t), the time history of 
Cp(t) and Cx(t) have less variable peak amplitudes over the t%%v halves of tile 
flow cycle as shown in figures (3.43) and (3-44) above. In this mode of vortex 
ring convection there is also virtually no cyclic mean axial force. 

Comparison With The Actuator Disc Theory 

Since it was a main objective of developing tile more sophisticated numerical 
model to assess the ralidity of the assumptions made in the derivation of the 
actuator disc theory about the wake structure and flow through the rotor itself 
a direct comparison of the predictions made from the two theoretical models for 
the rotor performance is shown for small KC number flow. 

Figure (3.45) shows the comparison of the cyclic %-ariation of UD(t) on the 
rotor centreline after 72 completed flow cycles as calculated by the computational 
formulation of the basic actuator disc theory and the improved numerical model 
for KC=1 and aA=0.570. At this stage in the computation the numerical model 
has established a vortex wake structure which sheds more symmetrically in time 
about the plane of rotation than in earlier flow cycles and is thus more suitable 
for direct comparison with the actuator disc theory. 

It can be seen that while agreement in the magnitude of peak %-alues is very 
good, the actuator disc theory evidently predicts a grNater phase shift between 
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Figure 3.45: UD(t) vs. (t1T) 

UD(t) and U(t) than the numerical model. This is due to tile fact that in tile 
analysis of the actuator disc theory the vortex ring representing all tile wake vOr- 
ticity stays in the plane of the rotor while the improved numerical model allows 
the rings to move away from the rotor. Hence the difference in phase shift is 
an indication of the stream wise convection of tile vortex ring occurring for the 
numerical model. Generally, the correlation of the UD(t) behaviour on tile centre 
line of the rotor predicted by the two models for the computed test case may be 
considered quite good. 

Figure (3-46) below shows the cyclic variation of the incremental blade ele- 
ment, contribution, dCp(t) for radial stations r/Rr= 0.33 / 0.51 / 0.87 compared 
with the equivalent contributions from the actuator disc model. It appears that 
the main differences between the two models occur near the blade tip where , on 
the one hand in the improved numerical model thevalues or the induced velocity 
are reversed relative to those further inboard, while the actuator disc theory on 
the other hand does not allow for the radial variation of UD(t). 

It can be seen from this presentation that agreement for predicted local peak 
values of dCp(t) is reasonable for blade elements at r/Rr=0.33 and 0.51 with 
deviation between predictions being around 4.5% and 9.0% respectively. Due to 
the higher velocities predicted to occur in the tip regions of the rotor blades by 
the numerical model, as previously shown in figure (uxres0b. ps)), the peak value 
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Figure 3.46: dP(t) vs. (t1T) 

of dCP(t) at r/RT=0.87 is approximately 20% higher than that computed using 
the simpler momentum theory. Also the apparent span %vise phase Shift in dCr(t) 
shown by the numerical model data is not present in the actuator disc theory. 

Figure (3.47) traces the resultant variation of the instantaneous rotor power 
Coefficient CP(t) as predicted by the t, %%, o models. The agreement of the cyclic peak 
values shown is remarkably good and suggests that the effect of relative lower and 
higher predicted values of dCp(t) in the root and tip regions respectively made 
by the improved numerical model approximately balance each other. The curves 
show that due to the tip contributions the phase shift in Cp(t) between the two 
predictions has increased from that shown in figure (3.45) for UD(t) on the Centre 
line of the rotor. In fact, Cp(t) as computed by the improved numerical model 
.. -aries almost exactly in phase with the free stream U(t). 

Figure(3.48) shows that the comparison of axial force coefficient CX(t) is 
equally as good between the two models when in the improved numerical model 
a more symmetrical wake structure has evolved. 
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Figure 3.48: Cx(t), %, s. (t1T) 
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Presented in figures (3-49) and (3.50) below are the instantaneous variation 
of Cp(t) and Cx(t) as well as cyclic mean values as calculated by thc numerical 
model for KC=1.0 and aA=0.570 over 80 flow cycles. Also includal for coin. 
parison are mean values predicted from the actuator disc theory. Clearly, for 
the numerical model the asymmetric mode (- a higher power half cycle followed 
by a lower power lialf cycle -) seems to persist over the initial 50-GO flow cycles 
producing a non zero value of ýx-, which, however, is small compar(A to tile 
peak values of Cx achieved. Over this computational period Ut-, seems constant 
and deviates from the mean cyclic power coefficient, predicted by the momentum 
tileory by approximately 5%. However, after approximately 65 completed cycles 
the more symmetrical flow structure establishes itself intermittently and Shows 
better comparison between tile two calculations of Up- and has a zero cyclic mean 
axial force coefficient. 
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Figure 3.49: Cp(t) & Cp, %, s. (t1T) 

It was found that if the computation is continued for an even larger number 
of flow cycles neither of the two wake modes prevail consistently. Calculations 

carried out at lower values of aA for which the wake vortex rings are weaker than 
the above case of 0.570 at KC = 1.0 showed that the symmetrical mode evolv 
more frequently while at higher values of aA the symmetrical mode occurs less 
frequently and eventually does not occur at all. The implications of this are sum- 
marised in figures (3.51) and (3.52) which respectively show the variation of Up- 
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Figure 3.50: Cx(t) &, Cx vs. (t1T) 

and Ux- with aA averaged over the 20 first flow cycle of computations using both 
theoretical models. It is clear from the figurc(3.50) that the imbalance or sied 
vorticity of the two sequential half flow cycles increases with aA. Purther It may 
be concluded from the comparative study of Up- presented in figure (3.51) that 
disagreement between the two models increases as the extent of wake asymmetry 
does. 
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3.3.3 The Improved Numerical Model - Moderlite KC 
Flow 

In the previous section the improved numerical model was used to Investig, t qe tile 
applicability of the actuator disc theory for oscillatory flow or small I(C 1111111ber. 
This report section aims to provide a similar study for moderate KC flows ill 
which the importance of tile stream wise motion of the vortex rings forming tile 
%vake is more significant. 

Vortex Ring Formation And Convection 

Figures (3.53) - (3.58) below show results of computations carried out for a KC 
of 3.0 and aA=0.170. The vortex ring motion is presented as previously in a 
schernatised form after 11 computational cycles have been completed. The de- 
picted radii of the vortex rings are proportional to their non-diniensional strength 
rl(uom. 

Qualitatively the main features of tile vortex ring formation and convection 
show a strong similarity to those presented in earlier for a KC=1-0- As was seen 
in the latter case the convection is driven by initially strong radial expansion 
experienced by two vortex rings formed on sequential half flow cycles as they ap- 
proach each other. Most notable is again the tendency for the two rings formed 
during a full cycle to move away from the rotor as a pair. As noted earlier for tile 
small KC case, the stream wise convection is strongly biased due to tile apparent 
strength imbalance of the paired vortex rings. While for the smaller KC case, 
however, the vortex rings stayed close to the rotor during its formation in the 
present case of KC = 3.0 the stream wise convection is significant and of tile 
order of the rotor radius RT. It was found that the extent of flow asymmetry 
depicted varied for later flow cycles but unlike in the small RC case, presented the 
more symmetrical mode in which the vortex rings do not pair up never occurred. 
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Figure 3.53: Vortex Iting Motion R'C = 3.0 ; aA = 0.170 
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Figure 3.54: Vortex lling Motion KC = 3.0 ; aA = 0.170 
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Figure 3.56: Vortex Ring Motion KC = 3.0 -, aA = 0.170 
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Figure 3.57: Vortex Ring Motion KC = 3.0 ; aA = 0.170 
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Flow Through The Rotor And Turbine Perforninticc 

In the following the effects of the apparent higher (- compared to tllc ginall KC 
case -) vortex ring convection for the test case of I<C=3.0 and aA=O. 170 oil the 
flow through the plane of rotation and the rotor power are studied using the 
improved numerical model and contrasted to predictions made from the Simpler 
actuator disc theory. 

Figure (3.59) shows the computed variation of UD(() which in the illustration 
is normalised by the peak free stream flow velocity UO at span wise positions along 
the rotor blades given by rlR-r = 0.00 / 0.33 / 0.51 / 0.87, where as previously 
r/Rr = 0.00 corresponds to the rotational axis of the rotor. The most striking 
difference compared to the small KC case presented earlier is that there is signif- 
icant, radial variation of UD(t) even over the inboard blade regions as Ivell ns tile 
fact that the flow through the rotor is almost exactly in plimse with U(t) Acros's 
the entire blade span. It is interesting to observe that oil the reverse half of tile 
flow cycle tile peak values of CID occurring as thevortex ring moves through tile 
plane of rotation are highest around midspan, where the net induced velocities 
are evidently of the same sign as U(t). 

Figure (3.60) presenting the variation of Ut)(t) on the centreline of the rotor 
shows that for the computed case the actuator disc theory would predict a phase 
shift of approximately 0.09 7r relative to the sinusoidal free stre. -Im velocity U(t) 
whereas the numerical model which allows the vortex rings to move predicts 
virtually no phase difference. As may be expected from the wiriation of UD(t) 
the related plot of instantaneous power coefficient Cp(t) presented in figure (3.61) 
shows the sensitivity to the asymmetric wake geometry. As a result, it is evident in 
the plot that peak-values of Cp(t) occurring on the reverse half cycles exceed those 
predicted by the actuator disc theory by approximately 28% and the computed 
mean cyclic power coefficients Up- for the two models differ by 9%. 
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Figure (3.60) presenting the variation of UD(t) on the centreline of the rotor 
shows that for the computed case the actuator disc theory would predict a phase 
shift of approximately 0.09 7r relative to the sinusoidal free stream velocity U(t) 
whereas the numerical model which allows the vortex rings to move predicts 
virtually no phase difference. As may be expected from the variation of Ut)(t) 
the related plot of instantaneous power coefficient Cp(i) presented in figure, (3.61) 
shows the sensitivity to theasymmetric wake geometry. As a result, it is evident ill 
the plot that peak values of Cp(t) occurring oil the reverse half cycle. -i excml those 
predicted by the actuator disc theory by approximately 28% and the complit(XI 
mean cyclic power coefficients Up- for the two models differ by 9%. 

I p. 

Figure 3.61: Cp(t) vs. t1T 

Figures (3-62) and (3.63) show the computed development of Cp(t) and CX(t) 
which are produced by the rotor over 40 flow cycles according to the numerical 
model at I(C=3.0 and aA=0.170. Also included are the cyclic mean values Up- 
and Ux- predicted by the numerical model and the actuator disc theory. Evident 
in both figures is the tendency of the model to show a gradual reduction in the 
extent of flow asymmetry. However, a symmetrical mode or vortex ring convec- 
tion as described for the small KC case was not achieved as computations for a 
larger number of flow cycles proved numerically unstable. 
As was found in the computations for small KC oscillations and is visualiscd in 

figures (3.64) and (3.65) showing Up- and Ux- as functions of aA the flow asym- 
mctry of which Ux- is a direct measure strongly affects the degree of agreement 
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3.4 Concluding Remarks 
A simple numerical model was developed to assess the ideal hydrodynamic eirt. 
ciency of the Wells turbine in unducted small to moderate KC oscillatory flow, for 
which previously no method of performance analysis has existed. This theory is 
similar to the actuator disc theory developed by Glauert for unidirectional steady 
flow and takes account of the back flow velocity induced by the rotor wake, which 
is assumed to be uniform across the rotor disc. The wake is simplistically mod. 
elled as a vortex ring which for small amplitude flow oscillations was Msulned 
to lie in the plane of rotation. This approximation was made on the wSsumptioll 
that the extent of stream wise convection of wake vorticity is small. 

The model showed that the cyclic mean ideal fluid dynamic efficiency of an 
unducted Wells turbine in oscillatorY flow depends on the non-dimensional quan. 
tities aA and KC. Further, the theory revealed that the peak cyclic efficiency of 
the rotor is inversely proportional to KC and can take values greater than unity. 
It was also shown that the axial back flow factor based on the peak induced back 
flow and the maximum incident flow velocity for which the peak cyclic efficiency 
is achieved is equal to 0.72 and is independent of KC. 

It was concluded that the values of peak efficiencies greater than unity are 
related to the back flow induced by the rotor Nvake, which over part of the flow 
cycle augments the flow through the rotor disc. 

Further, the preceding discussion of the model showed that the derived ac- 
tuator disc model is not useful for performance analysis of the unducted Wells 
turbine in larger KC flows for which the convection of wake vorticity is significant 
and the chosen idealisations; of the flow model are no longer applicable. 

As an extension of the simple actuator disc theory a second more sophis- 
ticated model was developed and numerically implemented in a FORTRAN77 
code. This model to some extent allowed the effects of the rotor wake convection 
to be studied. The rotor wake was modelled by concentrated vortex rings which 
were shed on sequential half cycles according to the Brown and Michael model. 

The improved numerical model revealed that two different transient wake 
structures can evolve for small KC flows at lower values or aA. In one wake mode 
the concentrated vortex rings shed on sequential half cycles showed a strong ten- 
dency to form a vortex pair. For this mode a unidirectionally biased stream wise 
wake convection was noted, which produced a non-zero mean axial force on the 
rotor disc. The second transient wake structure showed that sequentially shed 
vortex rings convect independently in an unbiased manner producing a zero mean 
axial force. 
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For moderate KC number flows, on the other hand, the strong interactions 
between the concentrated wake vortex rings only promoted the binsCXI wake strllc- 
ture which was caused by the tendency of sequentially shed rings to pair up. Tile 
extent of the stream wise convection of the nascent vortex rings was found to be of 
the order of the rotor tip radius and is, therefore, considered to be non-negligible. 

The improved numerical model showed that for small 1',, C flows the stream 
wise convection of the nascent vortex rings is small and, therefore, justifics tile 
approximation in the actuator disc theory that the wake vortex rings remain in 
the plane of rotation. It was shown by comparison of computations using the two 
models that the wake convection causes mainly a small difference in tile phase lag 
between the velocity of the flow through the rotor disc and that of tile sinusoidal 
free stream flow. 

Further, it was demonstrated using the improved numerical model that tile 
induced velocity in the plane of the rotor disc is comparatively uniform at small 
values of KC, as assumed in the derivation of the simpler actuator disc theory. 
However, near the tip the induced velocities were shown to deviate considerably 
from those over the rest of the rotor disc. For the moderate KC case presented 
it was found that the radial variation of the velocity in the rotor plane is more 
significant. 

Comparison of the mean cyclic power coefficients predicted by the two numer- 
ical models for small KC flow showed that there is good quantitative agreement 
between the models when the %%-ake structure of the improved model establishes 
the more symmetrical variation in time. 

Due to the considerable discrepancies of the flow fields assumed in the actu- 
ator disc theory and computed by the improved numerical model the agreement 
between the power predictions made from the two models at moderate KC was 
unsatisfactory. 
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3.5 Experimental Work 

3.5.1 General 
It was decided to carry out model scale experimental investigations in order to 
provide some verification of the theoretical and numerical fluid dynamic perfor. 
mance analysis of the Wells turbine in unducted oscillatory flow. These exper- 
imental studies consisted mainly of shaft power measurements over a range of 
small to moderate KC flows. In addition, flow visualisation studies were per- 
formed in water tank flows to develop a qualitative appreciation of the physical 
nature of the wake structure of unducted NN'ells turbine rotors in small anipli- 
tude oscillatory flows. The experimental implementation and the results of these 
studies are discussed in the following. 

3.5.2 Experimental Programme and Apparatus 
Initial experimental studies of the hydrodynamic performance of an unducted 
Wells turbine in low to moderate KC flows were carried out in the Departmen- 
tat U-tube -water tank described below. In these tests the water was caused to 
oscillate past a turbine whose axial position was fixed. The U-tube tests were 
supplemented by power measurements which were made in a large (- still water 
-) water tank in which the turbine was oscillated axially. These tests were also 
aimed at establishing the importance of constraint effects to which the turbine in 
the U-tube testing may be subject. However, experimental studies on cylinders 
in oscillatory flow in the same U-tube i%-ater tank carried out by Kuehtz (1996) 
have shown in agreement with findings of Sarpkaya (1975) that in oscillating flows 
the effect of blockage is small so that in the present study a similar result was 
anticipated. In the experiments carried out in the large water tank the turbine 
imas oscillated in the otherwise still fluid using an electrically driven carriage. 
Since the frequency of oscillations was controllable in this set-up, measurements 
could be made at smaller amplitudes than those achieved in the U-tube tests be- 
cause for a given amplitude of oscillation the amount of energy in the fluid flow 
available for conversion by the turbine rotor increases with the cube of the flow 
frequency. Hence the energy capture of the rotor in absolute terms can be made 
high enough to overcome losses to enable accurate measurements to be made for 
small amplitude motions. 

The U-tube Water Tank Arrangement 

The U-tube water tank consists of a horizontal -working section attached to two, 
vertical limbs. The cross section of the U-tube is 610 [mm] square and each 
vertical limb has a typical height of 650 (mm] from the top of the curved joining 
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section to the mean free surface. Sinusoidally oscillating flow of a fixed period 
of approximately 3.3 [sec] is generated by a blower, which is placed at the top of 
one of the limbs and exerts pressure on the water column as it moves downwards. 
Using a conductive wave probe the water motion is monitored in tile second limb 

and feedback is provided to tile blower which acts so that the amplitude of tile 
motion remains constant. Singh (1979) gives a more in-depth description of the 
U-tube water tank and its operation. In the U-tube power measurement tests 
a model Wells turbine was suspended from the top of the U-tube and placed 
into the vertically oscillating water motion of this limb. Figure (3.66) shows tile 
experimental arrangement in schernatised form. The turbine is suspended so that 
the plane of blade rotation is nominally 400 [mm) below the mean water level 
(NIWL) and approximately 250 [mm) above the curved section connecting tile 
horizontal and vertical sections of the U-tube water tank, in the centre of tile 

cross-section. 

blower 

................... ........ .... .. 
AnVL.. T -------------------- ...... ............... T ............ ... ... 

z 
400 

2440 

2840 

Figure 3.66: The U-tube Water Tank Arrangement 

The Large%Vater Tank Arrangement 

The Departmental large ivater tank has a cross section of 2.40 [m) square and is 
2.30 [m) deep. It has a working platform above the free %%rater surface providing a 
support frame from which test objects may be suspended. In the power measure- 
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ment, tests carried out, a SEASINI CONTROLS Lid driving caruiage wiLs fixed to 
dic stipport frame. The carriage was arranged t. 0 vert-icall 

, N. oscillace it Wells na- 
bille Illodd via a speclallY manufactured horizontal t. rallsilm'sioll 1111k. The 111mv 
of t he turbille apparatus, Which wLs apprommately 1: 1 [kg), was comiter balanced 
through it plille ,vs, ystem to viisin-v that fliv workload required to oscillate the till - 
bine apparatus did not, exceed the cal), wit.. N, of flic driving camagv. Figm-c (3.67) 
s1lows the water tank it, s(, If and figure (3.68) shows the turbine modvI operating 
ill the watvr tank. In this set-tip the zero displacement position of the rotoi plane 
wiL,; approximately 3 10 (nnil] below the free surfacc Ill the cent're of t 114. bulk (plall 
form). 
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Figure 3.68: The Unducted Wells -Bil'bine Model in The Large Water Tank 

The Unducted Wells Turbine Model 

A Wells turbine w&s designed and manufact III cd 'Specifi(all. % fol h"StIng in the 
water tank described above, thougli the turbine rotor diameter was constrained 
by the cro&s sectional dimensions of the U-tube. It was constructed to allow the 

shaft power to be measured over a number of rotational speeds and amplitudes 
of oscillatory flow. 

The turbine hub was laid out, so that the rotor was interchangeable. I)Irbine 

rotors were assembled with a diameter of 235 [iiiiiij comprising two, three, and 
four constant 50 [iiiiiij chord NACA0018 sectioned blade. s cast from poly-urofane 
resin. These rotors were formed 1) 

' 
N, bonding the Individually cast blad". to sp(- 

cially manufactured mounting rings that. had an external diameter equal to that. 
of the rotor luil). The mounting rings allowed the rotors to be fasteiml (o the 
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rotor hub. The corresponding rotor tip solidities, a= (nc, /7rDT) were 0.135 / 
0.200 / 0.270. All the rotors had the same hill) to tip ratio IL of 0.320 . in order to 
optimise the rotor performance, the blades were shaped to have lower tip losses, 
which are due to the profile drag generated at the tip and are independent of lift. 
This was achieved by introducing a swept leading edge, a rounded trailing edge 
and a gradual thickness taper over the outermost 10% of the blade span. The 
airn was to minimise the blade tip bluntness, tip separations and the amount of 
drag generating tip area. It should be noted that the resulting tip shape is [lot 
the product of any rigorous tip flow analysis. The effectiveness of the tip shape 
was verified for a 2-bladed rotor comprising the low drag tip shape in still water 
deceleration tests against a reference rotor the blades of which had no thickness 
taper and were cut off by the cylindrical surface of revolution at their outer di- 
arneter. 

Figure 3.69: Test Rotors For The Unducted Wells Turbine 

Shown in figure (3.69) are the different turbine rotors comprising the low drag 
tip shape for which power measurements were carried out. The rotor was fitted 
with a wooden nose cone of elliptical cross section and a length to diameter ratio 
of approximately 1.27. The turbine shaft and bearings were housed in a metal 
casing of 750.0 [rnmj length. In order to ensure disturbance free flow immediately 
up- /downs trearn of the rotor, a cylindrical perspex tube equal in diameter to that 
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of the rotor hub wws fitted around the metal casing. 

The RPM of the turbine rotor was controlled using ;i Clark Electric Clutch 
BN1175 electro magnetically operated frictioii brake, whicli exerts a inaxiinuin 
braking torque of I[Nm] at 24 [VI d. c. supply voltage. Initial testing of the 
turbine in oscillatory flow showed that the torque produced 1)), the rotor over it 
short period at either lialf of a flow cycle was insufficient to overconic even sniall 
amounts of applied braking and the rotor, therefore, slowed down and tended to 
stall . 

This probleni was overcome by attachiiig a separately supported perspex 
flywheel, 300 [inin] in diameter, through flexible couplitigs to the niaiii drive shaft. 
of the turbine. By adding steel niasses at discrete radial locations the flywheel 
inertia was adjustable up to a maximum of 10.0e-3 [kgm']. 

While the brake rotor was fixed to the turbine shaft, the brake stator was 
attached to a torque cell designed for the experiment via a mounting plate so 
that the applied braking could be measured as a reactive torque on the stator. 
Figure (3.70) shows the brake/torque cell assembly, which though it was at all 
times well above the water surface was nevertheless completely enclosed in a 
perspex housing in order to isolate it from moisture which may be present in the 
airflow inside the U-tube limb. 

The four aluminium cross members of the load cell shown in figure (3.71) 
have 120 Ohm FLK-6-11 TML 6[mm) strain gauges (gauge factor 2.13) attached 
on both sides, which were connected up in two separate Wheatstone bridges 

providing output only for torque. A cross member thickness of 0-8[nim] made the 
load cell sufficiently sensitive to the small braking torques applied to the turbine 
shaft. For measurement of RPM a rotary disc was mounted on the turbine shaft. 
It had 50 equally spaced square slots placed around its circumference, which 
intersected the light beam of an optical device mounted on the turbine support 
frame. This consequently produced 4[VI pulses, from which the RPM could be 
deduced. 
The overall turbine flywheel arrangement is shown in figure (3.72). 
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Figure 3.70: Brake / Tacho / Torque Cell Assembly 
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Figure 3.71: Torque Cell 
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Figure 3.72: Unducted Wells I`urbine/ Flywheel Arrangement 
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3.5.3 Experimental Method For The Measurement of The 
Cyclic Shaft Power 

General 

The performance of turbines is conventionally described in terms of their cfli- 
ciency defined usually as the ratio of the useful power output, the shaft power, 
to the available power of the incident flow through a disc of area equal to that of 
the rotor. It was of main interest, therefore, to quantify the shaft power of the 
turbine and the chosen method of measurement suggested itself from the follow- 
ing considerations: 

It was assumed that the above turbine operates in constant amplitude sinu- 
soidal oscillatory flow. Due to the its design the turbine produced a unidirectional 
driving torque, which was transmitted to the turbine drive shaft. The 
shaft was subjected further to the torque applied from the brake, Tb'. k. (t), and 
the action of the flywheel. At any given time the power in the flywliccl/turbine 
system was, therefore, given by 

(3.62) Pt.,. bj., _(t) = T,,, t,, (t) 11(t) = 0.5 1 
dt + (Tbrake(t) + Tloss(t)) 11(t) 

where Pturbine(t) is the turbine shaft power produced by the rotor driving torque, 
I is the inertia of the flywheel and all other rotating components of the turbine 
and 0(t) in the angular velocity at which the shaft spins while Tl,,,, (t) is the 
retarding torque due to all system losses, which will be given more detailed at- 
tention in the following. 

From this equation the cyclic mean shaft power produced by the turbine C. -in 
by integration over the flow period be deduced to be: 

0 0 
(3.63) Pturbine 2-- 

1 fT 
0.51 

dS12(t) 
dt +T (Tbrake (t) + TI.,, (t)) SI (t) dt T dt T 

fo 

where T is the period of the oscillatory fluid motion. 

If over a number of cycles the mean angular velocity N is constant then the 
first of the above integral expressions is zero and the cyclic mean shaft power 
produced by the turbine is, therefore: 

(3.64) Pturbine f (T.,,,, + T.,, s (t)) f) (t) dt 

So, the mean cyclic shaft power the turbine produces in an oscillatory flow ac. 
cording to this expression could be quantified by measuring the braking torque, 
the turbine losses and the angular velocity over a full flow cycle. 
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Measurement of The Braking Torque 

The braking torque was measured using the specially designed load cells described 
above. These were calibrated in static load tests after being attached to tile 
brake on the fully assembled turbine. For the calibration, the turbine was placed 
horizontally with the brake applied and masses were hung from the rotor blade 
tips to exert a known torque. In the calibration the output voltages of tile two 
strain gauge bridges were amplified using an in house built strain gauge alliplifier 
(SGA) and a differential amplifier at a gain of 100, filtered for electrical noise 
from the mains and recorded on a PC after being converted to a digital signal. 
Figure (3.73) shows below the calibration curves produced by this method for 
the two torque cell bridge circuits, which were linear and showed a maximum of 
2% hysteresis. The load cells were designed to be insensitive to axial loads. This 
was verified in static loading tests in which the turbine was vertically suspended. 
The torque cell response was monitored as axial weights up to a total of I [kgl 
were applied to the rotor and was found to be negligible compared to output for 
typical applied torques. 

8 
Q 
V 

0 

0 

&Mlied torque tNm) 

Figure 3.73: Torque Cell Calibration 
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Measuremcnt of The notor nPM 
As described above an optical tacho was installed on the turbine rig the output of 
which was recorded at a fixed sampling frequency, f. This produced a sequence 
of d. c. pulses consisting of data points with equal spacing di in time. III the 
data reduction code the pulse length, Tpd,,, was defined through tile number of 
sampled data points counted between two consecutive voltage rises from OJVJ to 
4[Vj: 

Tp,, I,, =nx dt =nx f-' 

Since the rotary disc mounted on the turbine shaft has 50 holes which intersect 
the light beam of the optical device, a value of RPM can be calculated from each 
pulse length: 

RPAf = 60. x (T,,,,,, x 50. ) 

The value for the 'instantaneous' RPM calculated in this way is ascribed to a 
point in time which corresponds to mid pulse. Since average pulse lengths were 
typically of the order 10 to 20 [msec] phase errors incurred by assigning the de- 
duced RPM values to times corresponding to mid pulse are small compared to 
the period of the fluid motion. The maximum error in determining a value of 
RPM by the outlined method is dt. For a pulse consisting of n sampled data 
points the maximum possible error is therefore 1/n. Typically, for the highest 
rotor tip speeds achieved during testing the minimum number of samples in one 
pulse were around 7 so that the maximum possible error in this case is 14.3% 

. The magnitude of this possible maximum error was reduced by formulating 

a sliding average for each pulse which takes into account the pulse length of 5 
pulses ahead and aft of this pulse. Further, the sampling frequency in the data 
acquisition process was c' hosen so that pulses are defined by a sufficiently large 
number of data points. For all measurements carried out sampling frequencies 
of either 0.50[kHzl, in the case of values of rotor RPM up to approximately 180, 
or 1.0[kHz] for higher RPM values were used. Over the range of RPM cov- 
ered in testing between approximately 50 to 100 pulses and, therefore, values of 
'instantaneous' RJPM could typically be recorded per second using this technique. 

Measurement of The Oscillatory Motion 

In the U-tube water tank tests the water displacement was measured directly in 
the limb of the U-tube in which the turbinewas placed using the calibrated mave 
probe, which provides feedback to the controller of the U-tube blower mentioned 
previously. 

In the experiments carried out in the large water tank the turbine vertical 
displacement was recorded using the calibrated dc-reedback signal provided by 
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the SEANVAVE SIMULATION LSC 24-48 servo control system which wa: 4 used 
to operate the drive carriage. 

Measurement of The Turbine Losses 

In order to determine the turbine shaft power according to equation (3.6-1) it was 
necessary to define the variation of turbine losses with RPNI. An easy method of 
measuring the mechanical losses due to bearing friction, the aerodynamic drag 
on the flywheel and the hydrodynamic drag on the rotor hub alone and the tur- 
bine shaft was to record the turbine shaft deceleration in stationary water from 
some initial RPM without any blades attached to the rotor and determine the 
corresponding loss torque from equation (3.64) above, noting that tile turbine is 
not producing any power in this case. The inertia of all rotating components was 
estimated using their estimated respective radii of gyration and masses which 
was measured using accurate scales. 

The turbine was fixed in the U-tube water tank with no rotor blades attached 
and was accelerated by hand. It was then left to decelerate in the stationary %va- 
ter. The deceleration was measured and found to be near linear and, therefore, a 
nominally constant torque of 0.0075 [Nm] due to the above mentioned losses %vas 
deduced from knowledge of the system inertia. 

In addition to the mechanical losses the turbine suffers losses due to fluid 
dynamic drag acting on the rotor blades. These losses are a strong function of 
the Reynolds number. Typically, the Reynolds numbers achieved in the U-tube 
and large water tank tests were, based on the total flow velocity incident to tile 

103- 7)) blade and the blade chord, of the order 10'. Figure (3-74) (Eastman (1930 
shows the experimentally measured profile drag of the NACA0018 airfoil section 
for a number of Reynolds numbers. 

It is clear that at the low Reynolds numbers of the water tank tests carried 
out the profile drag losses of the blade are fairly large. As a result the rotor 
performance is significantly degraded from that predicted by the inviscid theory 
developed in the previous chapter. In order to provide a better basis for the 
comparison of experimentally measured and theoretically predicted rotor power 
coefficients it was decided to include these fluid losses as a torque in the total 
rotor loss torque Tl,,,, which is used to calculate the cyclic mean power produced 
by the rotor. It may be argued that this approach which should provide an es- 
timate of rotor power for inviscid flow allows more meaningful comments to be 
made about the performance of large scale rotors in wave flow to be made for 
which the anticipated Reynolds numbers are in the range of 106 - 107, since for 
these Reynolds numbers the drag losses are significantly smaller. 
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Figure 3.74: NACA0018 Profile Drag CDO vs. Re 

It was decided to experimentally determine the fluid losses and deceleration 
tests identical to those carried out to determine the mechanical losses in the sys- 
tem were carried out for all turbine rotors. Respective loss torques were deduced 
using equation (3.64) for different values of RPM. The torque, %-alues measured 
in these tests were, in fact, the net loss torque Tl,,,, in equation (3.64), since the 
rotor deceleration was also due to the mechanical losses in the turbine bearings. 
The variation of Tjoss with shaft angular velocity is presented in figure (3.75) 
for the three different rotor configurations for which power measurements %%*ere 
carried out. 

Data Acquisition 

Figure (3.76) schematically summarises the system set-up for all testing in the 
U-tube water tank. 
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Figure 3.75: Td,, a vs. fl 

The turbine braking was manually controlled by adjusting the supply %oltage 
to the brake using the Clarke Electric Clutch P200 brake rheostat. Though, the 
brake produces its rated braking power of 1[NmJ at 24[VI d. c. supply voltage, 
the supply voltage for the experiment ims set at 8[V] to allow for finer adjust- 
ment of the considerably smaller applied braking torques, In order to have two 
independent readings of braking torque from the load cell over which to average, 
the outputs of both strain gauge bridge circuits were fed into separate strain 
gauge amplifier units. The output of these was filtered for electrical noise and 
then further amplified by a factor of 100 using a differential amplifier to opti- 
mise the sensitivity of the load cell. In order to record any physically sig-nificant 
signals from the load cell which were at maximum likely to be at a frequency 

corresponding to the rotor RPT,, 1 the bridge circuit outputwas filtered at 20[Hzl. 
This filtering frequency was low enough to remove any possible noise picked up 
from mains supply and other sources of electrical interference. No electrical noise 
significant in magnitude compared to mean load cell output signals N%ras noted at 
this filtering frequency throughout the water tank testing. 

The output of the optical tachometer, the optical sensor of which was supplied 
with 8 [V] d. c. from the same power supply as the turbine brake, required no fur- 
ther signal conditioning and was fed directly into the analogue to digital (A/D) 
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Figure 3.76: Data Acquisition System 

conversion hardivare. Similarly, the output of the wave probe monitor required 
no further processing and was connected up to the A/D conversion board. 

All data was collected on a 386-Dell PC used in conjunction with Scientific 
Solutions Inc. 'Labmaster' hardware, which performed the A/D conversion of 
all signals recorded. An existing FORTRAN code, written and kindly provided 
for use by P. Mackwood (wind tunnel manager, Aeronautics Department, Impe- 
rial College, London) for data acquisition using the same A/D hardu-are, %vas 
adapted to allow sequential scanning of four A/D channels at sampling rates of 
1.0[kHzJ- In order to obtain information about the phase relation between the 
fluid oscillation and the variation of rotor RPM, which -., vas important for the 
validation of the power measurement, all signals Avere sampled at the minimum 
frequency required for an accurate RPM measurement using the method outlined 
above. Since the sampling frequency required Nvas at minimum 0.5 [khzl which 
is high compared to the frequency of the fluid motion of approximately 0.3 [HzJ 
relatively large data files were produced over relatively few cycles and the number 
of cycles captured in one measurement was limited by the working memory of the 
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computer. The number of cycles over which performance measurements were av. 
eraged in this experiment could therefore only be increased by repeating test runs. 

The data-acquisition procedure employed in the large water tank testing was 
identical to that described above for the U-tube experiments and differed only in 
the measurement of the oscillatory motion as described earlier. However, since, 
in general, the period of the turbine oscillations was shorter in the large water 
tank tests the maximum number of data samples allowed a greater number of 
cycles to be covered in one measurement. 

Sequence of Measurements 

In the U-tube testing the amplitude of fluid motion and thereby the value of 
KC was adjusted by manually selecting a supply voltage on the blower controller 
which was kept constant during a particular test run. With the turbine fixed 
in the vertical U-tube limb and spinning freely without any applied braking tile 
water motion was monitored until it had reached a constant amplitude. With no 
applied braking the turbine was self starting for all tested rotor configurations 
and at all values of KC covered in the water tank experiments. There was no 
evidence of the so called turbine crawling phenomenon noted by other researchers 
to occur for ducted Wells turbines in oscillatory flow (e. g Rzagunathan (1982) 
and the turbine was found to rapidly accelerate to a stable operating regime . 

In order to account for any drift of electrical signals from the load cell during 
the experiment, which in general was noted to be no greater than approximately 
1% of the mean load cell output, and to measure the zero torque output a ref- 
erence reading of both bridge circuit outputs was taken when the turbine was 
spinning freely in this brake-off condition. 

Fur a constant setting on the blower controller the mean turbine RPM and, 
therefore, the tip speed ratio (TSR) was then gradually reduced by applying 
increasing amounts of braking to the turbine shaft. After each increment in 
braking some settling time was allowed and measurements of water surface el- 
evation, load cell outputs and optical sensor output of the tachometer v. ere taken. 

The brakingwas increased in sequential measurements until the turbine power 
was insufficient to sustain rotation at a constant mean cyclic RPM. When this 
point was reached the brake was released so that the turbine was left to rotate 
freely and a further reference measurement of the load cell output under brake-off 
conditions was taken. 

The amplitude of the oscillating flow was progressively reduced and the above 
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testing sequence for measuring power at varying TSR repeated until any signirl- 
cant amounts of braking stalled the turbine. 

The measurements in the large water tank were carried out analogous to the 
above procedure for the U-tube tests. A manually controllable signal genera- 
tor which provided a sinc-wave signal was used to operate the driving carriage 
controller and oscillatory flow relative to the turbine motion was produced at 
the desired amplitudes and frequencies. Though, in this set-tip, there was ito 
oscillating water column, some settling time was allowed for the flow and turbine 
operation to stabilise between changes in flow amplitude. 

Data Analysis 

The data acquisition program was mainly used to collect the output voltages of 
the experimental instrumentation. All data analysis was performed separately on 
a SUN UNIX workstation after the experiments had been carried out. A FOR- 
TRAN 77 code was written to handle all data reduction and analysis required. 

The code applied calibration factors to the wave probe and load cell signals to 
obtain the water displacement in [m] and the brake torque in [Nm) respectively. 
On the assumption that electrical drift of the load cell signal varied linearly be- 
tween the beginning and end of the experiment, a mean value was formulated from 
the time averaged output voltages before and after each test run and included 
as an offset voltage when applying the calibration to the load cell output. The 

code transformed the recorded voltage pulses from the optical tacho to 'instan- 
taneous' rotor RPM values according to the method outlined above. For these 
RPM values the losses due to mechanical friction and fluid forces were calculated 
from regression curves fitted to the rotor loss data and added to the measured 
torque. From the variation of the water displacement the code identified the be- 
ginning and end of flow cycles. The turbine power was calculated by numerically 
integrating the product of net torque instantaneous angular velocity over each 
full cycle. Since time steps were sufficiently small, the integration was performed 
using the trapezium rule. For each flow cycle average values of Keulegan Car- 
penter number KC, tip speed ratio A and mean cyclic power coefficient Ud-t., bie 
were calculated according to the following definitions and written to a data file: 

KC = 
UoT 
Dt 

where, UO is the peak velocity of the incident sinusoidal. flow, T is the the period 
of the oscillating fluid motion and D, is the turbine diameter 
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A= 
UO 
(it 

where A is the tip speed ration and Oj is the peak tangential velocity at the blade 
tip. 

FU 
I 

-bi 
II OPturbine =2 

1/2pUO3 (7rDt /4 

where the definition of Up--tubin, is consistent with that used in the theoretical 
performance analysis given earlier . 

3.5.4 Experimental Method For Flow Visualisations in 
Oscillatory Flow 

Flow visualisation studies were first carried out in order to gain a qualitative in. 
sight into the flow structures which dominate the performance of unducted Wells 
turbines in oscillating flow. 

The turbine used for the tests was a 2-bladed design which had a rotor diam- 
eter of 200[mm], a blade chord of 50 [mm) and a spherical hub and is different 
from the turbine designed and built for the shaft power experiment. It is shown 
in figure (3.77) below and was rigged in the horizontal working section of the 
U-tube water tank and left to rotate free of any applied shaft loads. 
A Spectra Physics 5W continuous wave argon ion laser was used together with 

a set of optical lenses to produce a planar sheet of light perpendicular to tile 
plane of rotation. Figure (3.78) shows the schematised set-up. Rom this it can 
be seen that the flow images presented in the following show the turbine in side 
view with the light sheet illuminating the flow in vertical plane along the shaft 
axis of rotation. 

Initially, no particles were added to the water since the laser %vas powerful 
enough to cause the light reflection of the microscopic impurities 'naturally' con- 
tained in the (industrial) water to be sufficiently strong for the purpose of flow 
visualisation. Provided that these particles were near neutrally buoyant in water 
they can be assumed to travel approximately in the direction of the local flow and 
at the local flow velocity. These particles produced surprisingly good flow images 
shown in figures (3.79) - (3.84), which were documented using a video camera 
operated at a recording rate of 1/50 [sec]. In subsequent testing polystyrene par- 
ticles of sizes up to around 500 [jim] were added. These, though having high 
reflectivity did not produce as good results. Also, they were not found to be 
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Figure 3.77: 2 Bladed Wells Ibrbine For Flow Visualisation Experiments 
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Figure 3.78: Experimental Set-Up For Flow Visualisation 
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neutrally buoyant and, therefore, distorted the flow pattern to a notable extent. 

On the assumption of flow symmetry on two sequential flow half cycles of 
the flow the wake features were recorded only on one side of the rotor. Record- 
ings were taken over a large number of flow cycles. The images presented in 
the following were produced using the frame-grabbing program 'VPANEL' oil a 
Silicon Graphics Indy workstation which allows snapshot-images to be produced 
from a video recording. This software allowed the moving image to be paused 
and produced streak lines since the paused image was composed of a number of 
successive frames. As a result these streak lines illustrate the particle paths. N-r- 
ther, the streak lines are in proportion to particle velocities so that long streak 
lines indicate areas of high velocities. In the images shown below the length of 
the produced streak lines, therefore, allow -at least qualitatively- the relative ve- 
locities of free stream and wake flow to be judged. 

The produced postscript files which are presented in the figures below were 
printed on a laser printer. There was a notable drop in the quality of the im- 
ages between postscript files and hard copies which, unfortunately, do not do 
the quality of the achieved flow visualisation justice. (It needs to be noted that 
the circular dark mark in the plane of rotation is a scaling plug inserted in the 
perspex window) 
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Figure 3.79: Flow Visualisation 



Figure 3.80: Flow Vistialisation 



Figure 3.81: Flow Visualisation 



Figure 3.82: Flow Vistialisation 



Figure 3.83: Flow Visualisation 



Figure 3.84: Flow Vistialisatioll 



3.6 Experimental Results 

3.6.1 Flow Visualisation 

Though, recordings were taken over a larger number of flow cycles, it was appar- 
ent that the turbine wake attained a fairly stable structure after a remark; -Ibly 
low number of flow cycles after the turbine was started. The results shown in 
figures (3.79) - (3.84) were achieved for an estimated KC of approximately 5.5. It 
was attempted to produce flow ininges at lower KC, but subsequent to previoug 
power measurements using the turbine the bearings had become so corroded that 
they did not allow self-sustained rotation below INX=5.5 . 

Notable in (3.79) - (3.82) is a strong concentrated vortex ring just above the 
blade tip. This has been carried over from the upstream side of the rotor and is 
convected with the mainstream outside the wake flow. It seems to significantly 
affect the convection of the helical vortex filaments formed from the vorticity 
which is shed at the blade tips on the downstream side of the rotor (see espe- 
cially (3.81)&(3.82) ). Apart from the concentrated vortex ring the most defining 
flow features visualised in the early stages of the documented flow half cycle are 
the tip vortex filaments which suggesting that the shed vorticity is highest in this 
region. 

In figure (3.82) it can be noticed that the vortex spirals of the helix are not 
equally spaced. The stream wise distance between them is significantly less close 
to the rotor than further downstream. This is partly due to the varying RPM of 
the rotor but may also be an indication of the influence of the larger vortex ring 
which has now moved downstream. At this point the convection of the vorticity 
tied up in the wake vortex filaments has reached its maximum stream wise ex- 
tent, which by inspection is estimated to be approximately 70% of the turbine 
diameter. The maximum stream wise distance that the newly shed vorticity con- 
vects away from the rotor before the free stream reverses flow direction: i may be 
related to the KC number of the flow. In the illustrated case above the ratio of 
i to the flow amplitude is around 0.8 - 

As the large vortex ring convects further downstream the helical i%-akc struc- 
ture close to the rotor becomes less affected (3.83). When to%%-ards the end of 
the first half of the flow cycle the free stream velocity decreases, locally induced 
velocities of the helix, which now has more uniformly spaced spirals, evidently 
become significant and it begins to roll up into a single vortex ring (3.84). This 

now becomes the dominant flow feature. 

As the flow direction reverses this vortex ring radially expands and is swept 
back towards the rotor. Subsequently, the vortex ring becomes more concentrated 
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and is convected downstream on the opposing side of the rotor. 

The results of the flow visualisation clearly show that over a significant pe- 
riod of the flow cycle the wake roll-up is a defining feature of the moderate KC 
oscillatory flow around an unducted Wells turbine. As such tile flow visualisa- 
tion carried out indicates that, in principle, approximation of tile wake flow by a 
concentrated 'vortex ring chosen in tile numerical analysis is not too far removed 
from the physical flow. 

Further, the results indicate that the slied vorticity is significantly strongest 
at the blade tips. This suggests that, especially when the turbine is operating at 
high tip speeds, for small KC flows there may be a certain similarity to small KC 

oscillatory flows past discs as documented by de Bernardinis (1980) which have 
fairly distinct shedding sheets emanating from their edges. 

The flow visualisation above showed that maximum stream wise convection of 
the shed vorticity on one half of a flow cycle is around 80 % of the flow amplitude. 
By comparison, the results of computations using the improved numerical model, 
which were carried out for a KC of 3.0 and are shown in figures (3.53) - (3.53) of 
the previous report section showed that the maximum stream wise distance the 
centre of the vortex rings convects is about 95 % of the flow amplitude which, 
qualitatively, is considered to be in fair agreement. 

The above flow visualisation does not explicitly document the flow develop. 

ment on both sides of the rotor and thus does not really allow any conclusive 
comments about the extent of flow symmetry of two sequential half flow cycles. 
However, for the case illustrated it is evident that there is no pairing of the con- 
centrated vortex rings formed on two successive halves of a flow cycle. In fact 
it is apparent that at moderate KC number flows when the concentrated vortex 
rings are swept over the rotor subsequent to flow reversal their rate of convection 
is such that they overtake the wake on the other side before it has entirely rolled 
up into a concentrated vortex ring. Rom the evidence of the flow visualisation, 
therefore, the unsymmetrical flow structure shown in the computations seem un- 
realistic. 

For smaller KC number flows the roll-up process of the wake helical vortex fil- 
aments may be somewhat stronger than for the moderate KC number flows since 
the individual spiral vortex filaments are more closely spaced due to the compara- 
tively reduced rate of convection. In this case the idealisation of the unake flow as 
a concentrated vortex ring used in the numerical model is considered to be quite 
good and the wake behaviour at small KC is thus more realistically modelled 
by the interaction of discrete vortex rings than at moderate KC. Unfortunately, 
the flow visualisation experiment was not carried out at smaller KC so that the 
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likelihood of sequentially formed vortex rings convecting away fron) tile rotor IL4 
a pair which was indicated as a possible flow structure by tile numerical 11lodel 
can only be speculated on. It may, however, be concluded that since the pairing 
up process shown in computations is evidently driven by the strong mutual in- 
fluence of tile concentrated vortex rings, which may be less dramatic when the 
slied vorticity is more spread out, the probability for a physical wake flow of this 
nature to occur is higher for small KC flows than for moderate KC flows. 

3.6.2 Power Measurcinents 

In the following some typical results of the basic quantities defining the turbine 
performance as measured in the U-tube water tank arc presented to illustrate the 
experimental method and the turbine behaviour. 

Figure (3-85) below shows thevariation of the water column displacement z(t) 
in [m], blade tip velocity Ut(t) in [m/s) and turbine power P(t) in [\Vj measured 
in the U-tube, for the 4-bladed rotor operating at a KC of 7.0 through 2 full 
flow cycles. The tip speed ratio which was achieved for a fairly low brake setting 
and was estimated from peak values of the measured rotor tip speed 0, and the 
peak incident flow velocity UO for the presented case is approximately 4.5 . Due 
to the action of the flywheel the oscillations of the tip speed Uj(t) which can be 
seen to vary in near perfect phase with the flow velocity U(t) of the oscillating 
water column, were limited to approximately 7% of the mean cyclic tip velocity 
which was measured to be constant. There is an indication of slightly asymmetric 
variation of Ut(t) on the upward and downward strokes of a flow cycle which may 
be caused by the interference between the convected rotor wake and the free 
surface of the water column at the measurement point or by the effect of the 
rotor resistance on the oscillating water column. 

The vrariation of P(t) produced by the turbine/flywheel system is computed 
from the product of the measured instantaneous angular velocity f)(t) and the 
corresponding total rotor torque T,, t,, (t), which is shown separately in figure 
(3.86) and consists of the braking torque measured by the two load cell bridges 
added to the rotor losses determined in the deceleration tests. The contribution 
of the fluid and friction losses cause a fluctuation of Ta,, which is in phase with 
Ut(t)- 

Notable in figure (3.86) are distinct peaks of T,, q, which occur at a frequency 
corresponding to the rotor RPM. These are due to a slight misalignment of the 
brake rotor and stator which during testing caused the applied braking torque 
to vary through a full cycle of shaft rotation. Unfortunately the type of friction 
braking used is very sensitive to alignment causing the non-uniform response 
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Figure 3.85: Measured Time Variation of z(t), Ut(t), P(t) 

, which resulted from the circumferentially uneven contact surface between the 
brake rotor and stator. Some attempts were made to rearrange the brake so that a 
more uniform braking action could be achieved. However, within the limitations 
of the experimental apparatus designed these attempts were unsuccessful. In 
part the problem was accentuated by the small amounts of braking that could 
be applied in the experiment so that the brake rotor N%-as not Nvorn in to great 
enough an extent to self-rectify the problem. It was found that, nevertheless, 
that in spite of the resulting 'jerky' brake action the rotor did maintain a mean 
rotational speed which was constant over a flow cycle. The problem did, therefore, 
not fundamentally disqualify the experimental method. It did however mean that 
in the measurements the load cell signal needed to be sampled at high enough a 
frequency to record the torque fluctuations. 

The deviation of the cyclic mean turbine power 15turbine bet% een the successive 
flow cycles shown is around 1.5% which is a representative value for measurements 
carried out at low brake settings. For the measurements in which larger amounts 
of braking were applied the variation Of 15 WrUne between flow cycles increased 
typically to around 8% for the 4-bladed rotor, which to some extent was due to 
the uneven brake action. 

For the measurement shown in rigure (3.86) the mean cyclic loss torque due to 
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Figure 3.86: Measured Torque T(t) 

mechanical friction and rotor drag losses estimated in the deceleration test mea- 
sured approximately 77 % of T,,, t,. This indicates the sensitivity of the measured 
P(t) and, therefore, the deduced mean cyclic power coefficient Up- at higher ro- 
tational speeds to fluid losses which at typical test RPM are significantly greater 
than the mechanical friction of the device. 

Figures (3.87) and (3.88) show the, %-ariation of z(t), Uj(t), P(t) in respective 
units and T,.,, t., in [Nmj for the 4-bladed rotor operating at a KC of 4.0 and a 
tip speed ratio of 4.0, which was achieved for a higher amount of applied braking 
torque. Peak values of Ut(t) vary by approximately 69o' from the cyclic mean 
value which is similar in extent to the higher KC case considered above. The 
magnitudes of derived for the two sequential flow cycles shown varied by 
5%. For this particular measurement the mean loss torque was estimated to be 
around 47% of T,,, f,, which is a somewhat smaller proportion than at the larger 
KC but still a significant proportion of the overall torque. It is evident, therefore, 
that the degree to which the estimated power depends on the fluid losses, %-aries 
strongly with KC and the amount of applied braking. 
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Figure 3.88: Measured Time Variation of T(t) 
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Figures (3.89) - (3.91) show the variation of the mean cyclic power coefficient Up- with tip speed ratio A at different values of KC calculated for the three dif- 
ferent rotor configurations which were tested. The data shown was derived from 
the power measurements carried out in the U-tube water tank by averaging the 
values of Cp, individually formulated for each flow cycle, over the number of 
cycles of a particular measurement. 

The highest values of A achieved in the tests corresponded to the lowest brake 
setting and it it evident that the 2 and 3-bladed rotors tended to operate up to 
a higher maximum value of A than the 4-bladed rotor. The largest amount of 
applied braking for which the turbine maintained rotation at an invariant mean 
cyclic rotational speed produced the lowest values of A for which data is shown. It 
is, therefore, unlikely that at the lowest values of A the rotor is completely stalled 
over a significant portion of the flow cycle for any of the data points shown in the 
above figures. Full rotor stall was usually fairly evident in the experiment since 
the rotor visibly decelerated to a complete stand still. 

0.5 

.0 

8 0.4- 

EO. 35 

u >ý 
1 

0. 
e: *40.. * 

: °: 

2 bladed nxor 
KC-6.9 
KC-6.1 
KC-5.5 
KC=4.9 

4.2 4.4 4.6 4.8 5.0 51 5.4 5.6 5.8 6.0 
tip speed rado 

Figure 3.89: Measured Cp vs. A For 2-Bladed Rotor 

At the largest value of KC shown the upper limit for A recorded for the 2- 
bladed rotor was limited because the RPM was too high to be reliably recorded to 
acceptable accuracy by the implemented technique of RPM measurement. The 
data presented for the 4-bladed rotor suggests that for the KC values tested be- 
tween 7.2 and 5.9 the turbine performance was not a strong function of A in the 
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experimentally documented range. For the smaller KC values shown the data 
shows a stronger dependency on A and to a first approximation Np may be con- 
sidered to vary near linearly with A over the range covered in the experiment. 
Up- data shown for the 3-bladed rotor suggests that for the larger values of KC 
explored the turbine actually operated at tip speed ratios for which the turbine ef- 
ficiency is near optimum, which in the following denoted as &, pt. In tile illustrated 
measurements at smaller KC the achieved values of A are evidently somewhat 
lower than A. pt. For the 2-bladed rotor the range of KC flows experimentally 
studied in the U-tube was somewhat limited since at low KC tile amount of 
energy converted from the flow was too small to allow measurements which com- 
prised reasonable amounts of applied braking. The data of figure (3.89) recorded 
in the KC range between 4.9 and 6.1 which shows relatively large (9up-/OA at all 
values of A suggested that the operational tip speed ratios recorded were in all 
cases below At. 
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Figure 3.92: Measured Op vs. KC For 2-Bladed Rotor 

The curves presented above were interpolated to allow the measured Up- data 
to be studied as a function of KC at different tip speed ratios. Figures (3.92) - 
(3.94) show the resulting variations for the 3 tested rotors. The graphs for all 
rotor configurations show a clear increase in Op-IOKC with A. The illustration 
gives emphasis to the observation that at the smaller -%-alues of test KC the rotors 
were operating below maximum efficiency. 
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Clearly, the achieved experimental range of KC and A which are the main 
operational parameters influencing the turbine performance was limited in the 
U-tube water tank because of the fairly small amounts energy available to tile 
turbine in the flow. Especially for the smaller KC flows the available energy was 
insufficient for the rotor to sustain rotation against turbine losses and applied 
braking to an extent that allowed meaningful variation of tip speed. The main 
restriction in this sense was the fact that in the U-tube water tank tile frequency 
of the oscillation was fixed at the natural frequency of the contained water vol- 
ume and thus the flow speed could not be increased for any given value of IM 

As described earlier the frequency of the oscillatory motion of the turbine in 
the large water tank experiments was controllable and could be set considerably 
higher than the value in the U-tube. It thus could be chosen at each set ampli- 
tude so that a reasonable amount of braking could be applied before the turbine 
stalled. In particular, therefore, the tests carried out in the large water tank were 
aimed at obtaining data at small KC values which could not be studied in the 
U-tube water tank. As seen in the following data was recorded at KC values as 
low as 1.6, which is a flow regime that may be much more interesting to applica- 
tions of large scale devices operating in real wave flows. 

Figures (3.95) - (3.97) show the Up- data determined from measurements for 
the three tested rotor configurations as a function of A. 

It is evident that in comparison to the tests carried out in the U-tube water 
tank the turbine could be driven to higher values of A. This is due to the higher 
frequency of the oscillations generated in the large water tank which for a given 
value of KC cause more energy to be stored in the flywheel. Since the magnitude 
of applied braking torques in this set-up is comparatively larger than in the U- 
tube experiments and Cp is obtained as an average over a greater number of flow 
cycles the data scatter is visibly reduced. Considering figures (3.95) - (3.97) it 
can, in general, be said that thewater tank tests give a much clearer indication 
of Aýpt and the corresponding maximum power coefficient Up-;:;. It may be 
observed that for all tested configurations Apt as well as Z7p;; ý; are functions of 
KC. 

Figures (3.98) - (3.100) show the variation of Up- with KC for a number of 
different A. A non-linear dependency is evident particularly at high tip speeds 
in small KC flows. 

Importantly, it may also be noted that for small values of KC values of Up- 

greater than unity were measured. This qualitatively supports the results of the 
numerical analysis given earlier, which showed that theoretically cyclic power 
coefficients greater than unity may be expected in small KC flows. 

In order to ascertain any frequency dependency of the experimental Up- data 
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which may relate to changes in the blade Reynolds number or unsteady flow 
effects measurements were carried out in which the frequency of oscillations was 
changed for a fixed value of KC. Figure (3.101) compares the Up- data measured 
for the 2-bladed rotor at a number of KC values. The presentation suggests that 
any frequency effects on Up- lie within the scatter of the experimental data over 
the test range covered. Further, this graph illustrates the good repeatability of 
the measurements carried out in the large water tank. 
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Figure 3.101: Measured Op vs. A For 2-Bladed Rotor 

Figures (3.102) - (3-104) below give a graphical comparison of UT measured 
in the U-tube and the large water tank for the three rotor configurations at 
respective values achieved in both experimental set-ups. The illustration suggests 
good agreement of the data sets and any variation is considered to be within the 
limits of typical data scatter. This indicates that in the U-tube testing there 
was little blockage effect on Cp to be accounted for within the sensitivity of the 
measurement and adds confidence in the procedure for including rotor losses in 
the calculations of Cp. 

Figure (3.105) provides some quantification of the variation of A,, pt derived 
from the experimental data measured in the U-tube and large water tank exper- 
iments. The data shown in this figures has been obtained by interpolation of 
a quadratic regression performed on the Up- versus A curves of figures (3.92) - 
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Figure 3.102: U-tube And Large Water Tank Data For 2-Bladed Rotor 
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Figure 3.104: U-tube And Large Water Tank Data For 4-Bladed Rotor 

(3.97) and is, therefore, to some extent subjective. 

Comparing the curves for the different rotor configurations shown in figure 
(3.105) below a strong non-linear dependency of Apt on the rotor tip solidity a is 
apparent. At small values of KC it can be seen that OA,, pt/c9KC is significantly 
greater than for the larger values of KC. 

In the interpretation of this illustration it is important to note that in contrast 
to the inviscid actuator disc analysis derived earlier, in which Vp-;; ý; and A'Vt are 
affected only by the strength of the wake induced back flow, the (measured) AOPt 
values deduced from the experimental power measurements may be affected by 
partial rotor stall. The occurrence of blade stalling may be expected to cause Aopt 
estimated from the power measurements to be higher than the value predicted 
from the actuator disc theory. 

In order to at least qualitatively comment on the extent to which the exper- 
imental Apt data is affected by rotor stall, an attempt has been made to derive 
the dependency of notional blade tip and root incidences on A: The maximum 
cyclic blade tip incidence &t is related to the cyclic peak tangential velocity ORT 
and the peak axial velocity through the rotor plane (JD, which is assumed to be 
uniform along the bladed span by 
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6rD 
(3.65) tanat = ii-RT 

The definition of A chosen for the presentation of the experimental data is based 
on the peak free stream velocity UO. It was shown in the previous section that 
according to the actuator disc theory Up-. occurs irrespective of KC when 
UD = 0.72UO. Using this relation it follows that 

(3.66) &t = atan (0.72A-1) 

Given that the axial velocity is assumed to be uniform across the rotor disc area 
the maximum cyclic blade root incidence is 

(3.67) &, = atan 
(h 

Figure (3.106) below shows the estimated variation of maximum tip and root inci- 
dences with A. Also indicated is the maximum incidence for which a NACA0018 
aerofoil section may be expected to have attached flow at a Reynolds number of 
1.6e5 which is at the upper end of the Reynolds number range typically achieved 
in testing. 
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It is clear from this figure that blade sections close to the root would from 2 
dimensional aerofoil theory be expected to operate in stall for parts of a flow cycle 
for most experimentally achieved values of A. The tip regions of the blades, which 
contribute strongest to the overall rotor power and from which the majority of 
the bound circulation is shed into the wake, can be anticipated to be relatively 
free of stall for values of A greater than approximately 3.0-3.5 . Returning to 
figure (3.105) it can be seen that with the exception of the largest values of A. Pt 
occurring at small KC flows for the 2- and 3-bladed rotors nearly all values of Apt 
are likely to be affected by partial blade stall. It is evident, therefore, that for a 
given KC the values of A,, pt derived for the three rotor configurations depends to 
a varying degree on partial blade stall. 

Neglected in the above argument are dynamic stall effects and the effects of 
three dimensionalities of flow on the suction side of a rotating blade operating at 
high angle of attack that have been documented in the previous report chapter 
for a ducted Wells turbine operating in unidirectional steady flow. In particular 
the stall delay effect may be expected to significantly postpone the stall of the 
blade root regions to lower tip speed ratios than the above two dimensional argu- 
ments suggest and cause the measured turbine efficiency to be somewhat higher 
than would be predicted from 2-D aerofoil data. The stall delay effect was for 
the ducted turbine shown to be stronger for higher solidity Wells turbine rotors. 
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This result implies that of the tested unducted Wells turbinc rotors the measured 
Cp values for the 4-bladed rotor should be affected most strongly by stall delay. 

According to the actuator disc theory developed in the previous section the 
maximum power coefficient at a given KC is dependent on aA. Figure (3.107) 
below shows the variation of aA,, pj with KC for the data deduced from the power 
measurements and for comparison the theoretically predicted curve which was 
computed from the relevant expressions given by the actuator disc theory. There 
is an indication that for small KC number flows the experimental curves indeed 
converge as is predicted by the theory. This is an indication that the flow struc- 
ture at small KC is well described by the actuator disc theory. However, even 
at the lower values of KC the aApt data derived from the actuator disc theory 
is considerably lower than the experimental data. As seen in the improved nu- 
merical model even at small KC there is some convection of the vorticity, which 
reduces the phase shift between the resultant axial velocity through the rotor 
UD(t) and the free stream velocity U(t). The net effect of this is an increase of 
aA,, pt which may go some way towards explaining the noted difference between 
the experimental data and the actuator disc theory which does not allow for con- 
vection. 

At the larger KC values the A,, pt versus KC curves are not collapsed by mul- 
tiplication with the rotor tip solidity, which suggests that the wake dynamics are 
less well represented by a concentrated vortex ring fixed in the plane of rotation. 

In part this may also be attributed to the importance of viscous effects which 
as discussed above are likely to introduce a solidity dependency of A., t. Further, 
this behaviour may be an indication of the importance of cascade effects, which 
are unaccounted for in the actuator disc theory. There is a linear cascade effect 
on the local blade lift coefficient CL which for 90 degrees stagger angle is given by 

(3.68) CL = CLO 2s 
tan c (7rC) Gs-) 

where CL, is the lift coefficient for an isolated aerofoil section and 3 is the blade 
pitch. The corresponding shedding rate of bound circulation using the actuator 
disc theory is 

(3.69) 
dr(t) 

= 7rorAUo 
2s 

tan 
7rc) (U(t) 

-r) dt 
(-7rc) (TS 

2RT 
The solution of this differential equation will produce an explicit dependency of 
Up- on (2s)ffirc) which is related to the rotor tip solidity. As a result aA,, Pt will 
also be a function of (2s)/(7rc)and may be expected to, %-ary for rotors of different 
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Figure 3.107: aA vs. KC 

solidities. 

The comparison of Cp. estimated from the measured data and values pre- 
dicted from the actuator disc theory which is shown for the three rotor solidities 
in figure (3.108) also suggests a dependency on the rotor tip solidity a. Within 
the data scatter no clear trend can be deduced-To some extent this is due to the 
subjective inter and extrapolations required in some cases to obtain estimates for 
uncertainty introduced into the data presented that results from the subjectivity 
of the Up- inter- and extrapolations required to obtain estimates of 4c. This is 
especially the case for the 2- and 3-bladed rotors operating in small KC number 
flows for which A,, pt was not actually achieved in the experiments. 

Qualitatively there is good agreement between the experimental and theoreti- 
cal data. The experimental data clearly supports the conclusion of the numerical 
analysis that jS inVerSely proportional to KCzwd can achietv tnluesgreater 
than unity. 

The quantitative the agreement is less good. At larger KC the theory over 
predicts the experimentally measured performance by approximately 20% while 

at smaller values of KC the extent over prediction rises to approximately 50%. 

189 



2-bladed rotor 
3N&dcd mot 

9 ... 4-bladed rotor 1.5- '. 0 
- dw" 

lip ............... .......... 
............. 

. ....... 42 ........ a .................... 
.. *......... 

.......... I. o 

....... . ....................... 

0.5 

1.0 13 2.0 2.5 3.0 3.5 4.0 4.3 3.0 5.5 6.0 6.5 
KC 

Figure 3.107: aA vs. KC 

solidities. 

The comparison of Cp,,. estimated from the measured data and values pre- 
dicted from the actuator disc theory which is shown for the three rotor solidities 
in figure (3.108) also suggests a dependency on the rotor tip solidity a. Within 
the data scatter no clear trend can be deduced. To some extent this is due to the 
subjective inter and extrapolations required in some cases to obtain estimates for 
uncertainty introduced into the data presented that results from the subjectivity 
of the Up- inter- and extrapolations required to obtain estimates of 41. This is 
especially the case for the 2- and 3-bladed rotors operating in small KC number 
flows for which Apt was not actually achieved in the experiments. 

Qualitatively there is good agreement between the experimental and theoreti- 
cal data. The experimental data clearly supports the conclusion of the numerical 
analysis that Up-Z is inversely proportional to KC and can achieve values greater 
than unity. 

The quantitative the agreement is less good. At larger KC the theory over 
predicts the experimentally measured performance by approximately 20% while 
at smaller values of KC the extent over prediction rises to approximately 50%. 
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At larger values of KC the quantitative discrepancies are likely to relate to 
inadequacies of the numerical model which does not model the wake convection 
and, therefore, is likely to over predict the back flow induced by the wake which 
enhances the flow through the rotor. 

At the smaller values of KC the idealisations of the numerical model are ex- 
pected to more representative of the physical flow so that the discrepancies in 
these cases are more likely to stem from experimental error. Clearly, however, 
because of the small scale of the experiment the recordable quantities that deter- 
mine the rotor performance were very small. As a result the system losses and 
in particular the fluid losses of the rotor blades were as shown earlier very signif- 
icant. The main source of experimental ambiguity, therefore, is thought to relate 
to the loss correction applied for the hydrodynamic drag, which %%-as determined 
from deceleration tests in initially still fluid and has been described earlier. This 
experimental ambiguity is related to the interference effects between the rotor 
blades in the deceleration tests, which were not accounted for. In particular, 
there are two main points of concern which possibly caused the actual fluid losses 
incurred by the turbine rotor during the power measurements to be somewhat 
higher than the applied fluid loss correction and which are discussed below: 

It is apparent that in the deceleration tests the individual rotor blades were 
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forced to travel into the wake of the adjacent blades where the velocity is signif- 
icantly reduced from the free stream value, as the rotor was spun in nominally 
still fluid. Clearly because of this lower incident velocity the blade drag effec- 
tively measured in the deceleration tests may be expected to be lower than if the 
blade was rotating in undisturbed flow. This effect is dependent oil tile binde 
spacing and is, therefore, strongest for the 4-bladed rotor. Figure (3.109) shows 
the measured torque per rotor blade as a function of the blade spacing for tile 
three tested rotors and provides an illustration of the considerable extent of this 
effect for a number of rotational speeds. 
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Ideally, to compensate for this effect one would like the 'no-blade' case which 
would correspond to an infinite blade spacing. Unfortunately, it is not clear how 
these curves should be extrapolated for this case and, therefore, the required cor- 
rection could not be applied. 

In addition to the above effect the velocity which is effectively incident to the 
blade is reduced further because the still fluid is gradually accelerated by the 
surface friction of the spinning blades. 

For very high tip speed operation, which would have occurred in the power 
measurements towards the end of a flow cycle when the free stream reverses direc- 
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tion the applied deceleration torques to account for the hydrodynamic losses are 
likely to be accurate. However, at lower tip speed operation the adjacent blades 
are less likely to intercept the wake of the adjacent blades and, therefore, would 
be expected to be see a higher apparent velocity than at the same tip speed in 
the deceleration tests. 

Further, neglected in the deceleration test are increases in the the sectional 
profile drag due to lift which especially at low tip speed ratios is considerable. 

On the whole, therefore, it is likely that the applied corrections for the hydro- 
dynamic drag losses which are not accounted for in the actuator disc theory over 
a full flow cycle are somewhat lower than those actually experienced by the tested 
rotors. This is considered to be the main cause for the quantitative discrepancies 
between theoretical and experimental values of Cp ...... noted above. 

3.7 Concluding Remarks 
Flow visualisation experiments were successfully carried out at model scale to 
provide a qualitative insight into the flow mechanisms that govern the hydrody- 
namic performance of unducted Wells turbines in small KC oscillatory flows. 

These flow visualisations showed that in oscillatory flow the spiral rotor wake 
of an unducted Wells turbine in small KC flows shows a strong tendency to roll 
up and remain close to the plane of blade rotation during its formation on one 
half of the cycle. As a result the idealisation of the rotor %vake as a concentrated 
vortex ring adopted in the numerical modelling is considered legitimate for small 
KC flows. 

During the return half of a flow cycle strong interactions between the rolled up 
rotor wake and the flow through the rotor itself were apparent and are evidence 
that the flow augmentation effect of the rotor wake proposed in the numerical 
model also occur in the physical flow. 

The flow visualisations did not produce any evidence that the stream wise 
convection of the rotor wake is unidirectionally biased as was possible in the im- 
proved numerical model due to the paring of sequentially shed vortex rings. The 
flow pattern observed suggested that over a full flow cycle the wake structure 
varies symmetrically in time between two sequential half cycles. 

A model scale experimental set-up was designed and constructed to measure 
the shaft power of a number of mono plane Wells turbine rotors operating in sinu- 
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soidally alternating water tank flows. The experiment was configured to provide 
some validation for the theoretical analysis of the Wells turbine performance it] 
small to moderate KC flows which was derived earlier. 

It was found that at these small scales the system losses, of which the hy- 
drodynamic drag of the rotor formed a mayor part, were considerable. The 
hydrodynamic losses were assessed by deceleration runs in still fluid and were 
included as a loss correction in the measured shaft power in order to allow for a 
more valid comparison between the experimental and theoretical work. 

The results of the experimental shaft power measurements confirmed that 
the mean cyclic power coefficient of unducted Wells turbines operating in small 
KC flows can be greater than unity due to the induced back flow of tile rotor wake. 

Further, the shaft power measurements provided some experimental Validation 
of the theoretical result that the cyclic power coefficient is inverse proportional 
to KC. 

There is good qualitative agreement between the experimental and theoretical 
data recorded for the variation of the cyclic power coefficient over the tested range 
of small amplitude flows with KC. This gives some confidence in the approxima- 
tions made in the theoretical analysis of the unducted lVells turbine performance 
and suggests that the main relevant flow mechanisms have been identified. 
The quantitative discrepancies which were noted between the shaft power pre- 
dicted by the numerical model and that measured experimentally are, to a large 
extent, considered to be due to scale effects and are likely to result from underes- 
timating the drag losses of the rotor which are large at these small experimental 
scales. 
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Chapter 4 

Conclusion 

4.1 The Wells Turbine Performance in Ducted 
Unidirectional Flow 

An experiment was successfully designed and carried out which has provided a 
fundamental study of the aerodynamic characteristics of a rotating Wells turbine 
blade that define the rotor performance characteristics in steady, unidirectional 
ducted flow relevant to the Wells turbine operation in typical OWC wave power 
devices. The chosen experimental approach of measuring chord wise Cp distribu- 
tions at a number of radial blade stations has allowed a more direct experimental 
validation of the basic blade element theory and the linear cascade theories con- 
ventionally used for the performance prediction of the ducted Wells turbines than 
was to date possible from the experimental shaft power measurement experiments 
carried out by other researchers. 

It was found from this experimental work that at high tip speed ratio op- 
eration the aerodynamic performance of the rotating blades of a typical ducted 
Wells turbine rotor can be qualitatively and quantitatively well described by the 
conventionally applied blade element and static cascade theories. 

However, at low tip speed ratio operation when the local blade incidences were 
high the experimental results showed that these theoretical concepts are less use- 
ful in predicting the aerodynamic behaviour of the rotating blades especially near 
the blade root. In particular it was found that the rotating blade sections showed 
higher levels of post-stall lift than would be expected from the measured sectional 
characteristics of the static blade. This was related to a significant low pressure 
region of the downwind blade surface. The stall delay phenomenon which is 
usually ascribed to radial flows in the blade boundary layers could be inferred 
as and explanation for this behaviour because a strong qualitative resemblance 
was noted between the measured post-stall Cp distributions on the instrumented 
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rotating blade of the ducted Wells turbine and thosc Cp distributions published 
for analogous measurements performed on unducted wind turbine rotors which 
showed signs of stall delay. 

Further, the experimental work showed that for a high-solidity Wells turbine 
operating at low tip speed ratios there are strong non-linear interactions between 

cascade- and the stall delay effects. 

In the case of a high-solidity Wells turbine, it was also found that the effective 
local blade incidences are considerably different from the local 'geometric' inci- 
dences, conventionally derived from the radial equilibrium approach neglecting 
wake effects, because of the tile axial and swirl velocities induced by tile rotor 
wake in the rotor plane. 

It may be concluded from this part of the thesis work that a comprehensive 
performance analysis of the Wells turbine in unidirectional steady flow must ac- 
count for rotational effects in the boundary layer flow of the rotor blades as well 
as the axial- and swirl velocities induced by the rotor wake. 

Further Work 
The current work has provided a basic insight into the importance of the stall 
delay effect to the aerodynamic performance of the Wells turbine in steady uni- 
directional flow. 

The model scale Reynolds number for the rotor blades in the experimental 
work was approximately 1/4 of the Reynolds number at which the Wells turbine 
blades would typically operate in current prototype OWC wave power devices. 
There is some ambiguity about how the noted stall delay effect scales with the 
blade Reynolds number. The variation of the stall delay phenomenon with the 
effects of scale is being investigated on a number of full scale wind turbine rotors 
(see eg. Huyer (1996) ). The results of these investigations may be taken as a 
guidance. However, because of the importance of solidity effects for the Wells 
turbine the results of these studies may only have limited relevance. In order to 
achieve quantitatively more directly applicable data it may be desirable to re- 
peat the experimental work carried out as part of the current research at higher 
Reynolds numbers. These may be achieved using the existing experimental set- 
up by increasing the blade rotational speed or by increasing the blade chord. 

It may be of further interest to conduct experimental investigations equi-vralent 
to those carried out in steady flow as part of the current work on an instrumented 
blade of an actual full-scale Wells turbine rotor operating in an oscillatory air 
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flow. In this investigation the unsteady flow effect of dynamic stall is likely to 
be important and it is probable that it will interact with the largely steady stall 
delay effect. This type of experimental investigation would have to account for 
the unsteadiness of the blade surface pressures. As a result a sequential pres- 
sure scanning system such as the one designed for the wind tunnel study that 
formed part of the current research work would be inadequate. Instead an simul- 
taneous pressure scanning system would be required for this type of investigation. 

Moreover, at full scale the tip Ma of Wells turbine blades is often high enough 
for compressibility effects to be present over a certain portion of the rotating 
blades. The current experimental set-up was specifically designed to avoid these 
effects and can, therefore, not comment on their importance. For wind turbine 
rotors compressibility effects are of no consequence since the tip speeds of large 
wind turbine rotors are never high enough for the blades to enter this flow regime. 
More useful information on the effects of compressibility may be found from re- 
search work carried out for axial flow turbomachinery. In any case this subject 
should be separately investigated for the Wells turbine. An experimental investi- 
gation could, however, in principle follow the experimental set-up of the current 
work designed for incompressible flow. 

Finally, it may be of interest to conduct a full 3 dimensional Navier-Stokes 
computation for the flow over a rotating Wells turbine blade in steady ducted. 
flow to provide a comparative numerical study of the stall behaviour that was a 
main subject of the current experimental work. 

4.2 The Wells Turbine Hydrodynamic Perfor- 
mance in Unducted Oscillatory Flow 

A theory similar to the existing actuator disc theory for unidirectional steady flow 
was developed to assess the ideal hydrodynamic efficiency of the Wells turbine in 
unducted small to moderate KC oscillatory flow. For this novel application of the 
Wells turbine no method of performance analysis had previously existed. This 
theory models the wake simplistically as a vortex ring which for small amplitude 
flow oscillations was assumed to lie in the plane of rotation since the extent of 
stream wise convection of wake vorticity is small. 

The theory revealed that the peak cyclic efficiency of the rotor is inversely 
proportional to KC and can attain values greater than unity if the rotor efficiency 
(power coefficient) is based on the peak axial energy flux through an area equal 
to the swept area of the turbine rotor that would occur in the undisturbed free 
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stream. It was concluded that the values of peak efficiencies greater than unity 
are related to the back flow induced by the rotor wake, which over part of the flow 
cycle augments the flow through the rotor disc. Further, it was also shown that 
the axial back flow factor based on the peak induced back flow and the maximum 
incident flow velocity for which the peak cyclic efficiency is achieved is equal to 
0.72 and is independent of KC. 

A more sophisticated numerical model was also developed as an extension of 
the actuator disc theory. This model which modelled the rotor %vake by concen- 
trated vortex rings allowed the importance of the rotor wake convection to some 
extent to be studied. It was found that for small KC flows the stream wise con- 
vection of the nascent vortex rings is indeed small as was assumed in the simpler 
actuator disc theory, while at moderate KC it is more significant. The improved 
numerical model also revealed that particularly at moderate KC a wake struc- 
ture can evolve that produces a unidirectionally biased stream wise convection 
and hence a non-zero mean axial force acting on the rotor. 

Flow visualisation studies were conducted in a U-tube water tank using an 
unducted Wells turbine rotor and provided an insight into the previously undocu- 
mented flow mechanisms that govern the hydrodynamic performance of the Wells 
turbine in unducted oscillatory flow. These studies revealed that in oscillatory 
flows the wake roll-up is a defining feature of the Nvake development and hence 
provided some justification for the idealisation of the rotor Avake as concentrated 
vortex rings as adopted in the numerical studies. 

A number of water tank experiments ivere designed and carried out to mea- 
sure the shaft power of unducted Wells turbine rotors in small to moderate KC, 
oscillatory flow at small scale to provide some validation for the theoretical per- 
formance analysis developed. These experimental investigations confirmed that 
the cyclic efficiency of an unducted Wells turbine rotor is inversely proportional 
to KC and that power coefficients greater than unity can be achieved due to the 
induced back flow of the rotorwake. 

4.3 Further Work 
The actuator disc type theory does, in its presented state, not account for cascade 
effects or the sectional characteristics of the rotor blade aerofoils. In particular, 
the blade stall has been neglected. Clearly these effects are likely to be important 
for a more comprehensive performance prediction of an unducted Wells turbine 
in oscillatory low KC flow. They could, however, be incorporated in both nu- 
merical models developed in the current work by substituting the appropriate 
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expressions for the blade force coefficients, which should utilise the documented 
fluid dynamic characteristics of rotating Wells turbine blades in steady, ducted 
flow such as e. g. the stall delay phenomenon. 

The assumptions made in the derivation of the numerical models clearly limits 
the validity of these models to small KC flows where the stream wise convection 
is small. For moderate KC flows the stream wise convection of wake vorticity is 
significant and can not be neglected in the analysis of the flow through tile Wells 
turbine rotor. This could be seen from the results of flow computations using 
the more sophisticated of the two numerical models developed in course of the 
current research work. As the stream wise convection of vorticity shed from the 
rotor becomes more significant the wake roll-up is unlikely to become a defining 
feature of the flow until the free stream flow is close to the point of reversal. In 
order to more realistically model this type of flow it may be of interest to mod- 
ify the improved numerical model to allow for a less forced roll-up which occurs 
towards the end of each sequential half cycle. This may be achieved by shedding 
a number of vortex rings at different span wise positions of the rotor after each 
computational time step. In order to maintain computational efficiency an amal- 
gamation scheme may be introduced for these vortex rings once they have moved 
away from the near field of the rotor. 

An even more realistic simulation of the wake development may be performed 
using computationally more expensive methods. Numerical work of this kind 
could progress the limited attempts that were made as part of the current work 
to adopt an existing vortex lattice code set up for unidirectional unsteady flow 
to the more complicated oscillatory flow situation in which the effects of flow 
reversal on the rotor wake need to be modelled. A main task of this work would 
be to promote numerical stability of the method as the wake panels begin to roll 
up and are swept back towards the rotor. 

The experimental work carried out may usefully be extended in future by 
conducting more exhaustive flow visualisations at small KC, which should show 
more conclusively if the unidirectionally biased stream wise convection of wake 
vorticity revealed by the numerical computations can occur. These flow visuali- 
sations could be supplemented by axial force measurements which would produce 
more direct evidence of any mean axial force related to biased stream wise con- 
vection. In fact, the flow visualisation experiments could be set up to allow not 
only qualitative flow field analysis but also a quantitative analysis of the flow 
velocities through the plane of rotation using e. g the Particle Image Velocimetry 
(PIV) technique. 

Further experimental work using a similar experimental technique as that 
adopted in the current work to measure the shaft power should be carried out at 
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larger scale in order to reduce the quantitative ambiguities that in the current 
work were incurred because the rotor losses were large compared with the applied 
braking torque. This could be achieved using the existing experimental appara- 
tus by increasing the rotor diameter. Clearly, as the rotor diameter is increased 
the constraint effects of the U-tube water tank of the Aeronautics department 
of Imperial college, in which some of the current experimental work was carried 
out, become more important so that truly unducted flow behaviour may only be 
achieved in a large enough water tank (such as the departmental still water tank). 
In this way the rotor torque could be increased significantly so that particularly 
at small KC the accuracy of the power measurement could be considerably irn- 
proved. Future work may also provide a more detailed quantification of the rotor 
fluid dynamic losses which could include acceleration as well as deceleration tests 
in still water. 

More generally, itwould be of interest to test the unducted Wells turbine in a 
wave flow in an arrangement which more closely resembled the envisaged appli- 
cations as an offshore/near shore wave power device. This work could establish 
to what extent the performance of an unducted Wells turbine in a real wave flow, 
in which the turbine would convert the power from the orbital fluid flow beneath 
the waves, deviates from that demonstrated in the numerical and experimental 
work performed for strictly axial flow as part of the current research project 

Research Achievements: 

The main achievements of the thesis work are: 

Through experimental measurements of the surface static pressures 
on a rotating Wells turbine blade, it has been shown that the stall delay effect is important for the stall behaviour of the Wells turbine in steady flow and that, for high solidity rotors, this cffcct strongly interacts with cascade effects. 

A basic physical understanding of the Wells turbine performance in 
unducted oscillatory flow of small and moderate flow amplitude to diameter ratios has been gained through the development of a novel 
numerical model and experimental measurements at small scale. 
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