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Abstract— A wide variety of turbine concepts with the capa-
bility of handling the bidirectional flow produced by an oscillat-
ing water column (OWC) wave energy converter haveden pro-
posed until today. Objective of this study is a deiled investiga-
tion of a novel mixed flow reaction turbine with anunstaggered
blade cascade. This new conceptual design is thoudh combine
the advantages of the reaction turbines with unstagered cascade
currently in place; the well-known axial Wells turbine suggested
in the 1970s by Wells and a radial turbine first sggested in the
early 1980s by Sugihara.

A design strategy for the rotor including correctims for re-
ducing secondary flows at the corners between bladend side
walls, as well as design strategy for casing is neduced. Numeri-
cal RANS simulations are employed for manual optinzation of
the turbine. A first prototype is manufactured and performance
tested. Eventually, a comparison of the present med flow tur-
bine with a state-of-the-art axial Wells turbine wth guide vanes
and a radial turbine revealed a considerably incresed capability
of pneumatic power 'per unit rotor diameter and unit rotor
speed' as well as significantly reduced sound emiss for the
mixed flow turbine.

Keywords— Oscillating Water Column, Wave Energy, Bidi-
rectional, Air-Turbine, Mixed Flow, Wells Turbine

I. INTRODUCTION

The oscillating water column (OWC) system is onehef
most promising and intensively studied principléharness-
ing the energy from ocean waves. Within the lastdes dif-
ferent types of turbines have been proposed folicgtion in
OWC devices [1-3]. These air turbines, capableanfdiing a
bidirectional flow, can be categorized by their damental
operational principle. They are either reactionngpulse type
turbines [4]. Reaction turbines such as the ax®-WELLS
turbine require airfoil-type blades with their lifieing a key
parameter [5-7]. The relative flow in the rotordscelerated
and the pressure drop across the rotor is substahti con-
trast, impulse turbines require highly cambereardtlades
that deflect the relative flow without an essenéiateleration
[2, 8-13]; the pressure variation from rotor ent@no exit is
small; the flow needs to be accelerated in guideesar noz-
zles.

Criterions for utilization of a specific turbine sign for
OWC-application are mechanical robustness, simpliand
compactness of its design, energy yield in a gaed speci-
fied wave climate (hence in a wide range of opereti condi-
tions), and, after all, low noise emission.
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Drawbacks of the well-known axial WELLS turbine [5]
Fig. 1 (a), are its limited stall-free operatinghga and a com-
parably low peak efficiency [6, 14]. The spanwisgiation of
angle of attack of the flow to the unique non-stxgd blades
is regarded as the main reason.

6=90°
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Fig. 1 Fixed-pitch reaction turbines for bidirect# flow: a) axial (Wells)
turbine, b) radial turbine;D = nominal (tip) diameter,d = diameter at
hub/rotor disch = width of blade channeff= angle of bladed cascade with
respect to the rotor axis.

At first glance purely radial turbines, suggestedhie early
1980s by BGIHARA [15] and KENTFIELD [16], Fig. 1(b),
promise higher peak efficiencies since the anglatt#ck to
the blade can be kept constant. However, by thhoasitof
this paper, huge differences in the volume flove res. pres-
sure head characteristics for both principal thiofligw direc-
tions as well as losses due to rotor disc frictimre found to
be limiting factors of the radial bidirectional bime, [17].

The ideas underlying this present study are
reducing the spanwise variation of angle of attaickow
entering the bladed cascade due to the alignmettieof
blade cascade with an angfe 90° and hence improving
the stall margin
(ii) reducing the diameter of the rotor dide D and hence
minimizing the disc friction losses
(iii) increasing the meridional through flow area andckeehe
volume flow rate the turbine can take in.

(i)
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These ideas result in a novel mixed flow (or diadptur-
bine that potentially excels the performance ofueely axial
or radial design.

Objective of this paper is a detailed investigatmfnthe
mixed flow turbine concept. We introduce a desitgategy
for the rotor including corrections for reducingceedary
flows at the corners between blade and side wadlsyell as
design strategy for the turbines casing. NumeR&NS sim-
ulations are employed for manual optimization & tarbine.
A first prototype will be designed and manufactufed ex-
perimental performance testing. First experimergtdady
state characteristic curves will be presented. Exadly, in or-
der to rate the performance achieved for the mil@a tur-
bine a comparison with a state-of-the-art axial lg/&lrbine
with guide vanes and a radial turbine will be eadrout.

Il. MIXED FLOW TURBINE: LAYOUT AND MAIN PARAMETERS

The rotor of the mixed flow turbine comprises a twemof
blades placed between a rotor disc and a shrogd2FiThe
casing and the hub core guides the in- and outfl@and

Fig. 2 Definitions and transformations of airfoections for the mixed
flow rotor

The blades are non-staggered and are made ofl a&efoi
tions. To ensure a symmetric performance of therrolades,
i.e. independent of inward and outward flow, liftdadrag po-
lars of the airfoil sections have to be the sanrebfuth flow
directions. As the stream surfaces in the reldtigme of ref-
erence are conical, the blades need to be mapgedsoch a
surface. This is why the airfoil section in Figis3seemingly
cambered. Ideally the mapped blades encounteriawen
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Fig. 3 Blade of mixed flow turbine (mapped ontmical surface)definitior
of vector-mean flow velocity., and flow directions.,; left: forces for inwar
flow, right: for outward flow

converging or diverging flow field the same angfeatiacka

which equals the mean angh of the vector mean flow ve-

OF, = OF sinf3, — JF, cosf3
OF, = O0F cosf, + OF, sing.

)
)

ot produces the desired rectified torque, ideallyejpehdent
whether the flow is inward or outward.

A. Rotor

The characteristic dimensions of the mixed floworcare
the nominal turbine diameté&r, d at shroud and impeller disc,
and the widthb, Fig. 4. 'Nominal' refers to the blade mean line,
not to the true diameter of the rotor.

blade element

Fig. 4 Rotor of a mixed flow fixed-pitch reactioarbines for bidirectional
flow: D = nominal diameter at shroud= diameter at rotor disdy = width
of blade channel = angle of bladed cascade with respect to the extis.

Due to the alignment of the rotors blades into aical
plane with 0< < 90° another degree of freedom for the ro-
tor design can be utilized. In contrast to the laxidor the
through flow area can be increased by just incnggsi Fig. 5
illustrates the chord length and blade spacing

="
Z

3

r is the local radius where a particular blade elgnslocated
at andZ is the number of blades.

blade element

shroud

rotor disc

Fig. 5 Schematic layout of mixed flow rotor blaciescade in 3D view

Prior to mapping, each blade element is a sectioa o
symmetrically shaped airfoil with chord length maximum
thicknesgh and position of maximum thicknesd, Fig. 6.

»
Fig. 6 Symmetric airfoil,L = chord length,xd = position of maximum
thickness anth = maximum thickness

To map a blade element onto the conically shapeshrsi

locity w, =0.5(w +w) . According to classic airfoil theory, surface, three main transformations have to beopegd,

this results in a tangentidF; and a normal forcéF, given by

Fig. 7, see also [18]:
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(i
(ii)

Rotating the blade element by an an@le

As the streamlines in an axial turbine form a cabsy-
lindrical surface, the blade elements of an axsscade
have to be mapped on the radius of the coaxiahdgli
they are located, see e.g. [19]. Similarly, in diegonal
cascade one component of the flow field is alsindyi-
cal; hence the blade element has to be mappedtioato
resulting cylindrical surface; the relevant radiysis the

normal projection from the blade element to the rotors

rotational axis.

Then the blade element has to be mapped onto the
cumference; here the relevant radiug,jsfor details see
e.g. [20].

(iii)

__blade element
2T

Fig. 7 Definition of the relevant blade propertiesblade element transforma-

tion into the diagonal rotor plane

In a former study the authors showed that the three

dimensional boundary layer at the corners betwédateband
side walls may ruin the flow over the blade. Toussl these
effects sidewall correction and blade fitting methaare in-
corporated. For that the blade is divided into ¢hneain sec-
tions over span: two sections in vicinity of therears and a
middle section, as depicted schematically in FigF&ur
planes (I-1V) are defined for description of thél fyeometry.
The resulting rotor blade is presented in Fig. 8.

B. Casing

The casing of a mixed flow turbine is more complean
e.g. for an axial turbine. Fig. 9 shows a geneasirtg com-
prising three main sections:
= The core section between the inside and outsideepld

and |,
= An optional radial section betweegdnd I,
= An optional axial section confined by the plangand Ii;

essential part is the hub core.
Further measures are depicted in Fig. 9.

I1l. METHODOLOGY

A. General strategy

A tool was implemented which enables generatingrgeo
tries of the rotor and the casing for arbitraryues of the pa-
rameters introduced in the previous chapter. Scananpeters
were adopted from rules applied for designing otbdso ma-
chines. Numerical flow simulation (RANS) was empdyfor
assessing the result in terms of integral perfocegrarame-
ters and local details of the flow. This enablestep-by-step

most promising turbine was manufactured and expariaily
performance tested.
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Fig. 8 Definition of mixed flow rotor blade propiess with side wall correction
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Fig. 9 Schematic meridional view of the mixed flawbine

B. Numerical Setup

The flow in the mixed flow turbine is simulated ngithe
commercial 3D Navier-Stokes code ANSYS CFXnith the
standard SST-turbulence-model [21] and the ‘higdolgion
advection scheme’ [22]. In the composite computeiado-
main (Fig. 10) the steady, incompressible, threeedtisional
Reynolds-averaged Navier-Stokes (RANS) equations
solved in a rotating reference frame. The blockedtrred
numerical grid, prepared using ANSYS TurboGri¢onsists
of about 2.5 million nodes. Common grid qualityteria were

considered; for instance the grid angles are at ktaove 21°.

ar

improvement of the overall design. Eventually a elaaf the The maximum value of s for the first node adjacent to the

blade surface (of rotor and stator) was set in ®Gnid] to

3
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y" <1 at a Reynolds Numbdte = 3.7e5a suitable mesh res-at the position of the turbine. The known sound @ouf the

olution out of a mesh refinement study. Steadyestatutions
are then obtained in the reference frame [22].

periodic

in- / outlet

Fig. 10 Numerical domain of mixed flow turbine

Due to the turbine symmetry, only one blade annwas
modelled and 1:1 periodic boundary conditions wemgosed
in the circumferential direction. An inlet normalass flow
rate was imposed on the respective upstream boyrfdar
each flow direction; an area averaged static presat the
corresponding downstream boundary. Note that withis
study there is no tip or duct clearance modellethéncompu-
tational domain. Convergence was evaluated by mong
the integral performance parameters, e.g. bladgiéor

C. Experimental Setup

The bidirectional aero-acoustic steady state igsatr Uni-
versity of Siegen designed according to the gumgslifor fan
performance testing in 1SO 5801 [23] is depictetiescati-
cally in Fig. 11. The volume flow rate through tlaeility and
hence the turbine to be tested is supplied by &itiagal fan.
Its adjustable speed drive allows setting any valuthe vol-
ume flow rate. The flow direction is determined the posi-
tion of a large two way directional control valVecated close
to the fan. The volume flow rate is measured by nmeeaf a
symmetric Venturi nozzle. The complete airflow skyppnit
and flow path involves various sound attenuator suess to
prevent acoustic radiation from the fan drive aoxilary de-
vices into the laboratory environment as well agh® flow
path to the turbine avoiding background noise tantipe tur-
bines noise emissions measured. The large chanoliné¢stics
screens and honeycombs for reduction of swirl anoulence
reduction in pressure side operation of the rige auge
pressure in the chamber is positive when the igstsrin-
stalled at the inlet side (is) of the turbine aregative for out-
let side (0s) operation. The opposite port of tmbite is al-
ways connected to the free laboratory atmosphere.

The test facility allows direct measurement of ttastatic
pressure headlps, volume flow rateV , density o, shaft

reference sound is recorded by a microphone.

More detailed information on the test procedure kaydut
of the test rigs instrumentation, including: a gation of the
test rigs ability for equal bidirectional measurenseas well
as the steady state measurement method in gettezatali-
bration process of the flow rate measurement, samges
and data analysis process, a comprehensive untgrigieci-
fication of the instrumentation and analysis ofdam and bi-
as errors within the measurement process are cedni
[25]. The uncertainties involved in the measuremenit the
mixed flow turbine are given in Appendix C.

IV. DESIGN OFTURBINE

A. Fixed Parameters

Some parameters have been fixed before startinduthe
bine design:
= The rotors nominal diameter was chosenDas 0.35 m
due to the limited capability of five-axis millingpachine
at the workshop.
= The rotational speed of the rotorrns= 4000 rpm which
corresponds to circumferential Mach number

. Ma=1o =021,
a

= Ma is defined with the speed of souadand the rota-
tional velocityup at the nominal rotor diameter which is -
for cascades with small deflection - in the sangepiof
magnitude as the relative flow velocity, to the blades.

= The diameter of the of the casing at plangHlg. 9) is
Dll,i =04 m.

B. Design philosophy

Rotor. The goals within the manual optimization process
are a maximization of the bladed through flow area
A =r/2[{D+d) & while maintaining a limited spanwise varia-
tion of the angle of attack to the blades. This aeasieved by
varyingD, d, b and hencé.

Blade cascadeFor the blade cascade the solidity at the ro-
tor disc

g

L
n 4)

was chosen as approximately 0.6. This is a typiesle for

existing reaction turbines, see e.g. [6, 20]. T¢Eeat ratio

b
L ’

y (%)

torqueT and rotational speenl It should be stated explicitly iS required to be at least 1.5 to minimize sidel efiécts.

that the torque measurement technique, using anédle
torque flange connecting turbine rotor and genersitaft di-

rectly, allows the measurement of the pure aeradjma
torque without any mechanical losseg,{n= 100 %). Beside

the aerodynamic measurements also acoustic sowssyse
and even the acoustic sound power of the turbimebeade-
termined following DIN EN ISO 3741 [24]. Prior tde tur-
bine test a calibrated reference sound source (RS8xnced

The value of the Reynolds number

Re, =% = 370.00( (6)
v

aimed at is assumed to be supercritical [4, B&. is deter-

mined with the circumferential velocity at the ndsonominal

diameterD and the kinematic viscosity of the air

4
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Fig. 11 Bidirectional test facility at the Univéysof Siegen: a) splitter attenuator, b) centrélfan, c) flow diverter (two way directional flovontrol valve),
d) acoustic enclosure, €) honeycombs, f) calibratecturi nozzle, g) splitter attenuator, h) honewbs and turbulence control screens, i) chambenpgel

turbine, m)° linear track

Blade. Different kinds of airfoils were tested along gpan
to achieve a good compromise between high bladeiesfty
and capability of tolerating high angles of attdeore stall-
ing. In this study airfoils of the four digit NACAeries were
chosen. The types with a maximum thickness betwiet®n
and 21% of chord length have been employed in nstundies
for use in unstaggered cascades, see e.g. [6,07§. tNat thin
airfoils of these types have a high lift-to-dragicawhereas
the thicker types can cope with high angles oftchtta

Additional attention was given to the corner regiovere a
blade meets the side wall. Side wall correctionseveehieved
by near-wall modifications of chord length, bladeckness
and position of maximum thickness. For details tee Ap-
pendix A & B.

Casing. We refer to Fig. 9: The main task of the core sec-

tion between the inside and outside planeantl |, is to de-
flect the flow from axial into radial direction @ice versa, not
its acceleration or deceleration.

For outward flow the radial section betweenaind I},
should act as a classical radial diffuser; for irdvflow it
should provide a low-loss acceleration of the inoaluid.

The axial section confined by the plangand I} is an axial
diffuser or nozzle; the changes of cross-sectiamah along
the flow path are controlled by the contours of ¢hsing and
the hub core.

A preliminary hint for preventing flow separatiorasvde-
rived from the theories by BADAU [27] and SRSCHELETZ-
KY [28]. The ratio of through flow and circumferemtitow

velocity c¢,/c, is considered as a criterion. Two options had

been investigated: (i) manipulatg and hence acceleration
the flow, or (i) limit c, by increasing the mean radiug
where the flow is guided.

C. Results

Rotor. The rotor obtained by the numerically aided opti
zation is depicted in Fig. 13a. Its main designapseters are
compiled in Table I.

Casing. The detailed layout of the mixed flow turbines-cas

ing is depicted in Fig. 12. The black dashed limdidates the
location of the blade cascade, the core sectiofidar defec-
tion is coloured in red and the axial and radiadtisas be-

tween planes | and Il are coloured in blue. Theatagkction
consists of simply parallel walls, whereas in tmire axial
section an outstretched hub core assists the ftowrévent
flow separation.

TABLE |
ROTOR AND BLADE DESIGN PARAMETER

Main rotor / flow parameters

D [m] 0.35

d/D[] 0.8

b/D [-] 0.35

A ] 1.26

Re [-] 3.7¢5

May [-] 0.21

Airfoil and cascade geometry at planes | - IMvithout side wall
corrections

Plane | 1l ] [\
NACA 0018 0015 0015 0018
L/D [] 0.22 0.22 0.22 0.22
xd/L[-] 0.3 0.3 0.3 0.3
ol 0.62 0.58 0.52 0.49

Airfoil and cascade geometry at planes | - IMnvith side wall
corrections (final design)

Plane | 1l ] [\
L/D [] 0.25 0.22 0.22 0.27
xd/L[-] 0.6 0.3 0.3 0.6
gl 0.72 0.58 0.52 0.61
A rotor disc region at shroud region
Ab|.||/|_ ['] 0.34 Ab|||.|v/L [-] 0.38
Athiy /L[] 0 Athyv /L[] 0
ALE /L[ 0 ALEyw/L[] O

Of ATE|,||/L [-] 0.16 ATE”HV/L [-] 0.24

The main dimensions of the casing according todefeni-
tions introduced in Fig. 9 are compiled in TableThe final
CAD model of the full turbine is depicted in FigBl.

mi- TABLE I
MAIN DESIGNPARAMETER OF THECASING
D,i/D[] 114 Dio/D[] 25
bll,i/D ['] b||,o/D ['] 0.16
14i/D [-] 1.64 lno/D [-] 0.05
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Fig. 12 Meridional view of the mixed flow turbineasing

a) b)

Fig. 13 CAD-models: a) mixed flowotor with side wall correction
b) mixed flow turbine

D. Manufacture

The complete turbine assembly on the test rig ésqmted
in Fig. 14.

Fig. 14 Mixed flow turbine assembled on the test r

V. PERFORMANCE OFTURBINE

A. Coefficients and Performance Parameters

The aerodynamic performance characteristics ofrihed
flow turbine are described in terms of the pressoefficient

772
Y= Apts/ [2 pD* nZJ , (7)
the flow rate coefficient
¢EV/("2 D*n j : (8)
4
and the power coefficient
A ETw/(lngsne‘j. 9)

Aps is the total to static pressure drép,the volume flow
rate,T the torquep the local densityD the nominal rotor di-
ametern the rotational speed, andthe angular velocity. Fi-
nally, the efficiency is

n=Aey . (10)

The acoustic emissions of turbines are describedwloy
different definitions of a specific sound powerdéBoth are
based on the scaling law for the acoustic poRgrof fans
which has been proposed byaMsoN [29]:

P~ D

tp _tp "

12)

Madison's law can be transformed to normalize tustic
power emitted by a machine by its pneumatic powemnd4p

and hence is used to compare different machinestypg= 5
is assumed (an average value found appropriatthéoWVells
turbine [6]), this results - in terms of sound povevels — in

4ps
4

Po

L, se=L ,—10Ig VX —-20g

0

(13)

with the reference pressufp, = 1 Paand the reference flow
rateV, = 1 nt/s.

Madison's scaling law (Eq. (12)) can also be engoto
normalize the overall sound power emitted from gewitally
scaled-up or scaled-down machines at differentticotal
speeds. A dimensional analysis results in the noredsional
acoustic power

P
~ ac . (14)
us, Do

ac

This yields in the second definition of a specfaund power
level

Uy, Df oM, ? J (15)

0

L\N,SDEC*E L W_lolg (

with the acoustic reference powes P1e*W and the em-
pirical Mach number exponent which again is assumed to
be 5.

B. Experimentally determined characteristic curves

The aero-acoustic steady state characteristicdseofurbine
are displayed in Fig. 15. As typical for most réas turbines,
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the pressure droghs increases approximately linearly wigh

The minor divergence in slope between outward (and in-
ward (in) can be tracked back to the differencprgssure re-
covery between axial and radial sections locategndtream
of the rotor. The flow direction effects as weletmaximum
power (‘mp”) produced before stall occurs (sharppdof A).

A small hysteresis loop is observed when decreagiafgjer
stall has occurred on the blade, indicated by #ehed lines
and highlighted exemplarily by the black arrows foe ‘in’

curve ofA.

1.5F-

llJts [']

Al

nts [']

Lw,spec* [d B]

Fig. 15. Measured steady state characteristic suove¢he mixed flow tur-
bine (the solid lines indicate a variation of fleate from 0 to a maximum
value, the dashed lines the reverse)

Hysteresis occurs generally due to secondary flffeces
on the suction side of the blade, preventing tbevfto reat-
tach to the blade directly after stall. The diffeze in effi-
ciency to be observed can be traced back to théetinaxial

C. Comparison with other fixed-pitch reaction turbines

In order to rate the results achieved here fomthesd flow
turbine, a comparison to other state-of-the-aralaand radial
fixed-pitch reaction turbines is carried out. Thadested tur-
bines are the axial Wells turbine design with heesak effi-
ciency out of study [6], design ‘R1’ combined wituide
vanes ‘GV6’ and the radial turbine investigatedthgse au-
thors in study [17], see Fig. 16. The main georoetrid aero-
dynamic parameters of the axial and radial turlziree com-
piled in Table Ill. The relevant parameters for thixed flow
turbine are to be found in Table I. The solidityat the hub or
respectively at the rotor disc is for all threebines approxi-
mately equal. Also the Reynolds and Mach numbersrathe
same range.

It is still an ongoing discussion how to compare trer-
formance data of different turbines designs, egflgcivhen
they are not designed for the same application (QGVWees-
sure vs. flow-rate characteristic (damping)). We tty over-
come these specific issues by plotting the turbatesacteris-
tic curves over the specific pneumatic energy supplterms
of @* Y. Fig. 17 shows the characteristics of all turbines
Obviously the novel mixed flow turbine can transfosignifi-
cantly more pneumatic power into mechanical poywer tur-
bines diameter and speed' as compared to the désigns.
Here again also the hysteresis characteristicheftarbines
are indicated by the dotted lines. Visibly for ivells and the
mixed flow turbine hysteresis after stall can béedi&d, not
being present for the radial turbine.

a) b)

—

Figure 16. 3D models: a) Wells turbine with guidenes [6], b) radial tur-
bine [17]; rotor — red, guide vanes — blue

TABLE IlI
MAIN GEOMETRIC AND FLOW PARAMETERS OFTURBINES

Axial (Wells) Radial
D [m] 0.4 D [m] 0.4
d/D [ 043 d/D[] 1.0
b/D[-] 0.285 b/D [] 0.14
A 0.81 A ] 0.56
Ghub [] 0.65 o[ 0.56
Re [] 5.2e5 Re [] 4.2e5
Ma, [-] 0.24 Ma, [-] 0.24

The black dash-dotted line in thegraph indicates the theo-
retical limit (lim) for power conversion (energypuat equals

diameterD,;; at the connection to the test rig and hence hi%’f‘nergy output). At the same time the sound emissidrthe

kinetic energy losses at the exit in ‘in’ flow diteon. The spe-
cific sound power level as a function gfis approximately
equal for both through flow directions. The staleet can be
detected by the steep rise in sound level by ab?uiB.

mixed flow turbine are significantly lower compartm both
other turbines.

The power density of turbines can be traced backh¢o
bladed through flow area which is inherently diéfeet for all
designs because of geometrical reasons. We defiregraal-
ized bladed through flow area

10B2-2-7



~(D+d)b
K=2__ " :2(1+1j3. (16)
T D)D
4 a)

Because of the unavoidable hub axial rotors haveayd
A’ <1, here 0.81. For the radial or diagonal rota Ah can
well be larger than 1. The mixed flow turbine Has= 1.26.
This large through flow area is a unique featuréhdaf turbine
design.

0.4 \ \

0.37 out|{_ _ _ '\ __r___ _

I‘w,sp ec [dB]

005 0.1 015 0.2 0
(p*LlJts[']

025 03 035 04

Figure 17. Measured steady state characteristiceswf axial (AX) [6], ra-
. . . [2]
dial (RAD) [17] and present mixed flow (MF) turbine
(3]
VI. CONCLUSIONS ANDOUTLOOK

A novel mixed flow reaction turbine for use in bigitional [4]
flows has been presented. A design strategy fordte in-
cluding corrections for reducing secondary flowstta cor- 5]
ners between blade and side walls, as well as mesigtegy
for the turbines casing have been introduced. Nigaler [6]
RANS simulations have been employed for manualnupé-
tion. A first prototype has been manufactured aedgsm- [7]
ance tested. Eventually, a comparison of the mii@al tur-
bine with a state-of-the-art axial Wells turbinettwiguide
vanes and a radial turbine has been carried oet.cbmpari-
son reveals that the mixed flow turbine design &asonsid-
erably increased capability of pneumatic power lp@t rotor [9]
diameter and unit rotor speed' as well as sigmfigaeduced
sound emission as compared to the axial Wells hedadial
turbine. [10]
Due to the simply shaped casing the residual digehanergy
which is wasted at the turbines exit, is high. fease of the
geometrical constraints specified in this studynpdowards [11]
design as depicted in Fig. 18. Both designs areghito real-

(8]

ize an improved total to static conversion efficigras com-
pared to the casing design presented in this study.

L; lo H"

——

oDno

>

Fig. 18. Schematic meridional views of enhancedditional turbines
(based on the mixed flow rotor described in thes@né study); (a) casing
with outstretched diagonal flow channels, b) casiity guide vanes
(hatched)
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APPENDIX

A. Corner flow phenomena

The detection of significant boundary layer intéi@t at
corners between blade and side walls leading torskry
flow and flow separation effects reducing the rstefficiency
and operating range already found by these autbotbe ra-
dial turbine, see e.g. [20] have motivated a furihgestiga-
tion of this phenomena. The effects of boundargidgterac-
tions at the corners of almost vertical wall juoog are wide-
ly known to cause outstretched swirl structureym as e.g.
horseshoe vortex) and flow separation (known as @mer
stall) [30]. Kinetic energy deficits due to the Inolary layers
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with the flow deceleration along an airfoil dowrestm of its
position of maximum thickness are the cause foseleffects

der[31]. A comprehensive overview on three dimensicihal

separation phenomena can be found in [32]. Mandiesu
have carried out to suppress these phenomenah®y eittive
or passive flow control methods [33, 34]. In tunpachinery
and aircraft (passive) adapted geometrical sidé ceatection

methods at blades/wings — fillets (see e.g. [3%) @6fairings

(see e.g. [37]) and adjacent walls/fuselage - ealll @ontour-

ing (see e.g. [38, 39]) have been investigatednsitely and
found to have a beneficial effect on the flow.

In own numerical investigations concerning the egagpion
of end wall contouring [40] and fillets [41] to tmetor of the
radial turbine [17] the best results were obtaibhgdise of fil-
lets.

B. Side wall corrections in the mixed flow rotor

To demonstrate the usefulness of side wall cooastthe
flow behaviour on the suction side of a mixed floators
blade is visualized at an overload operating pfiinta blade
design without (a) and with side wall correctiob$ épplied,
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Fig. A. The colour scale visualises the non-dimemai blade C. Uncertainty in measurements

wall shear coefficient; in main flow direction 'y The uncertainties of measurements at the test rig a
r determined according toDEN [42], DIN 1319-3 [43] and

c, = (a) DIN 1319-4 [44] (equivalent to the European staddar
BWZ EN 13005). The cumulated uncertainties of the agraohic
2" coefficients at discrete operating points at peéfciency

with the wall shear stregsat the blade and the freestream véom) and maximum power ('mp’) for the mixed flowrbine

. . . . . ire compiled in Table V. These values are deteminimgng
locity w., approaching the blade. The thin black lines vigeal o (andom errors specified for the test rigs mesamant
the velocity streamlines near the blade surfatesalues of equipment (for more details see. [25]). Bias uraieties in
approximately zero indicate flow separation. Whepasated the aerodynamic coefficients are minimized due ke t
regions approaching the leading edge (LE) the fawthe following actions:
blade stalls, hence the torque produced by theebdatlapses '

; ] ; : = the layout of the test rig and positioning of thetiumen-
suddenly. Obviously with side wall corrections apglthe re- tationyaccording to I8095801F[)23] 9

gions of separated flow propagate less comparéietancor- ,  ¢ontinyous monitoring and correction of zero offset
rected blade. Integral values determined from tR®@naly- . .5refy| calibration of the volume flow rate Ventaozzle,

sis demonstrated an increase in peak efficiencyal®iut . i jensities correctly determined at each referenane,
s= 1-2 % and a remarkable extension in maximum floi® ra.  girect telemetric torque measurement between rator

before stall 0¥l¢, =30 % under inwards flow. generator shaft excluding bearing lossgs.¢,= 100 %)

a) and hence neglected.
ety [-]
0.002 shroud TABLE V
RELATIVE AERODYNAMIC MEASUREMENT UNCERTAINTIES AT DISCRETEOP-
- 0.002 ERATING POINTS OF THEMIXED FLOW TURBINE
' 0.001 TE Operating pOint UC,reI.Q[%] U Cirel [%] Uc,rel.h [%] UC.reI‘r] [%]
. opt 0.69 0.84 0.76 1.32
inwards
0,001 mp 0.70 0.68 0.75 1.23
rotor outwards opt 0.72 0.99 0.98 1.58
disc mp 0.85 0.69 0.77 1.34
0.000

Exemplary, an efficiency curve with errors banddfrat each
measurement point is depicted for the outward fttrgction
of the mixed flow turbine in Fig. C. Within the &fiency

As the expansion of secondary flows in cornersiswn to  Curve all relevant uncertainties @fiyand A are included.
diminish with decreasing thickness of the boundaysgr, and
hence with increasing Reynolds number, a usefutcamh to 1 1 1 1 1
scale the dimensions of the corrections appliethadel tur- l l l l l
bines to full scale application could be the saaliy means of l l l l l
the expected local boundary layer thickness. Aniamisy at- l an l B
tempt is to refer the dimensions of the side waitections to =, 0.5 ----- R R o A1

Fig. A. Effect of side wall correction on sepatafow on blade suction side;
a) standard blade (NoSWC), b) blade with side wadiection (SWC)

1

Nis 1

the boundary layer thickness at the blade instéadeochord
length. An analytic estimate to determine the baupdayer
thicknessoat flat plate is introduced in [31]
_ v Re 0 !
0=0.14——""-F-G(nReg ). (b) 0 0.05 0.1 015 0.2 025 0.3
u, In Rq ) [

G(In Re)is a function little depending dn Re with the “mlt_ Fig. C. Exemplary efficiency curve for the mixedvil turbine under outward

value of one forln Re— c. In the relevant range for this oy with error band

study of 10°< Rg < 10® G= 1.5 The dimensions of the side

wall corrections applied to the mixed flow rotofered to the Based on the acoustic measurement method empldlyed,

boundary layer thickness are compiled in Table IV. cumulated uncertainty regarding the overall soundey level
is estimated t&Jc = 2 dB.

TABLE IlIIV
ROTORSIDE WALL CORRECTIONS REFERRED TO THBOUNDARY LAYER

THICKNESS

A rotor disc region at shroud region

2b,/ O] 9 dby/d]] 10

sth /O[] 0 Athyy!O[] O

ALE./ O[] 0 ALEuw/O[] O

ATE|—||/5['] 4.2 ATEIIHV/J['] 6.3

10
10B2-2-10



