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Numerical Evaluation of the Aerodynamic
Efficiency of the Stevens and Jolly Vertical-
Axis Windmill (1895)
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Abstract—This paper presents a numerical investigation ef th To appraise the evolution of windmills from thenigin up

unsteady flow around an American M century vertical-axis
windmill: the Stevens & Jolly rotor, patented onriAd6, 1895. The
computational approach used is based on solving ctiraplete

transient Reynolds-Averaged Navier-Stokes (t-RAM§)ations: a
full campaign of numerical simulation has been genied using the
k-w SST turbulence model. Flow field characteristics haween

investigated for several values of tip speed rafid for a constant
unperturbed free-stream wind velocity of 6 m/s,ding the study of
some unsteady flow phenomena in the rotor wakellyirthe global

power generated from the windmill has been detezthifor each
simulated angular velocity, allowing the calculatiof the rotor

power-curve.

Keywords—CFD, vertical-axis rotor, windmill.

|. INTRODUCTION

IND power has been used as long as humans have

sails into the wind. The history of windmills shows
general evolution from the use of simple and ligewices
driven by aerodynamic drag forces to heavy and niadte
intensive drag solutions. For more than two milianwind-

powered machines have ground grain and pumped watt

Wind power was in fact widely available and not faoed to

the banks of fast-flowing streams. Wind-powered psm

drained the polders of the Netherlands and, in ezgions
such as the American deserts or the Australianaaigbwnind
pumps provided water for live stock and steam esgin

As reported by White [1], in the American Midwest

between 1850 and 1900, a large number of small milis)
perhaps six millions were installed on farms. Thienpry use
was water-pumping and the main applications werekst
watering and farm home water needs. Very large mihs}
with rotors up to 18 meters in diameter, were usegump
water for the steam railroad trains that provided primary
source of commercial transportation in areas wkiezee were
no navigable rivers.
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to the present time demands a considerable inatistigwork
and a wide knowledge of ancient and modern wintiter
mechanics and aerodynamics. Nevertheless, the patintial
of recent numerical techniques based on Computdtieluid
Dynamics (CFD), allows tracing back the fundamestaps of
the evolution of the modern wind turbine concepsa matter
of fact, the use of CFD for the design and analgéigertical-
axis wind turbines has aroused a large credit, amdy in
research and academic communities but also in fridus
appliances. A first attempt to improve the effidgnof a
vertical-axis wind turbine through the applicati@mf the
emerging CFD capabilities was performed by Vassietral.
[2] through the simulation of the dynamic motionaofurbine
blade spinning about a vertical axis and subjetieadfar-field
Hmform free-stream velocity flow field.

Raciti Castelli et al. [3] performed a numericalabysis
validation campaign for a Darrieus micro Verticati®\Wind
Turbine (VAWT) through a systematic comparison witimd
tunnel experimental data. This work proved thas ipossible
determine the best near-blade grid element dioan
through statistical analysis of some indicatorghsas the ¥
parameter, in order to maximize the accuracy offin@erical
prediction of rotor performance, while maintaining
reasonable computational effort.

Ferreira et al. [4] [5] presented a systematic GiRBlysis of
a two-dimensional blade configuration. The effecdgnamic
stall in a 2D single-bladed VAWT was investigateghorting
the influence of the turbulence model in the sirataof the
vortical structures spread from the blade.

Kumar et al. [6] proposed a low Reynolds number VAW
design and optimization procedure based on both CFD
simulations and BE-M calculations.

Raciti Castelli and Benini [7] presented a model floe
evaluation of energy performance and aerodynamicefo
acting on a helical single-bladed VAWT dependinghdade
inclination angle: the analysis was based on fivechine
architectures, which were characterized by an natibn of
the blades with respect to the horizontal planeoider to
generate a phase shift angle of 0°, 30°, 60°, 9@f B20°
between lower and upper blade sections, for a netdr an
‘aspect ratio of 1.5.
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Raciti Castelli and Benini [8] presented two-dimenal,
time-accurate, parallel CFD simulations of the fldield
around a three-bladed Darrieus rotor, in orderiemnine the
influence of blade thickness on the operation ddtraight-
bladed Darrieus-type VAWT.

Raciti Castelli and Benini [9] presented a two-digienal

The partitions carried sprocket wheels (9) conrtedtg a
sprocket chain (10) whereby the shutters were simebusly
operated.

Fig. 3 shows a horizontal section of the rotor.r&gorted
by the inventors, the adjustable partitions cowddabranged at
any desired angle for admitting air to the wind wihim the

CFD comparison between the energy performance of twnost advantageous manner. The same partitions leacdhee

small scale VAWTS, characterized by a 0° and apitch
angle between blade chord and spoke axis.

function of shielding the wind tending to retare ttevolution
of the windmill or also to stop the rotor by exdhgl any air

In the present work a numerical investigation of thpassage between them, as evidenced in Fig. 4.

unsteady flow around the Stevens & Jolly windmiff i
presented, in order to assess the CFD potentaialyzing the
wind machines of the pre-electrical age. A compéatmpaign
of simulation was performed, investigating flow Idie
characteristics for several values of tip speeib rand for a
constant unperturbed free-stream wind velocity of/6, thus
enabling the study of some unsteady flow phenoniertae
rotor wake. Finally, the rotor power-curve was deieed,
thus evaluating the improvements made in more li@@nyears
technical evolution of wind power.

Il. THE CASE STUDY

The presented work is based upon the verticalwsixidmill
patented on April 16, 1895 by John H. Stevens aith 1.
Jolly [10], citizens of the United States residatgMarshfield
in the county of Webster and State of Missouri. Bhgect of
the invention was to improve the construction @ttblass of
windmills presenting horizontal wind wheels spirqiaround
a vertical axis and to provide a simple and inespenmeans
for controlling the admission of wind to the rotay properly
directing the flow to the rotor itself.

o _= 53
R G
1

Fig. 1 Vertical view of the Stevens and Jolly wintifirom: [10])

As can be seen from Figs. 1 and 2, showing resgdgta
vertical and an isometric view of the proposed mrotine
Stevens & Jolly windmill was composed of a circutasing
(1), designed to be mounted on a windmill tower adepted
in order to contain a horizontal wind wheel (2),insjing
around a central vertical axis. The casing corgisteupper
(3) and lower (4) disks and a series of adjustphlgitions or
shutters (5) arranged at the peripheries of thesdis

Fig. 3 Horizontal section of the rotor (from: [10])
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Ill. MODEL GEOMETRY
Fig. 5 shows the numerical model of the tested mild Blade No. 9
corresponding to an arrangement of the adjustadoiétipns in
order to obtain the same configuration shown in BigThe
main geometrical features of the tested rotor arensarized WIND
in Table I.
DIRECTION

. (0;0) X

Fig. 6 Azimuthal coordinate of blade No. 1 tip

TABLE |

MAIN GEOMETRICAL FEATURES OF THE TESTED ROTOR
Denomination Value [m]
Windmill external diameter 5
(included the partitions), p
Rotor diameter, b 1.67
Windmill height, Hy, 1 (2D simulation)
Rotor height, H 1 (2D simulation)

_ Fig. 6 explains the adopted reference system far th
Fig. 4 View of the horizontal section of the rotmmpletely shielded individuation of blade coordinates during rotor okion:
from external wind by means of the partitions (frg&r0]) azimuthal position was identified by the angulaorchnate of
the end tip of blade No. 1, starting between thfeadd &
Cartesian plane octants.

IV. SPATIAL DOMAIN DISCRETIZATION

As the aim of the present work was to reproduce the
operation of a rotating machine, the use of mownb-grids
was necessary.

In particular, the discretization of the computatid
domain into macro-areas led to two distinct subdgri

e a rectangular outer zone determining the overall

calculation domain, with a circular opening centeon
the turbine rotational axis, which was identified a
Computational Domain sub-gridixed;

* a circular inner zone, which was identifiedRstor sub-

grid, rotating with angular velocity.

v TABLE Il

) . . . MAIN DIMENSIONS OF THECOMPUTATIONAL DOMAIN SUB-GRID
Fig. 5 Numerical model of the tested windmill; rotdade
numbering is also shown (in blue) Denomination

Value [m]
Computational domain length 30C
Computational domain width, 20C
Computational domain height, 1 (2D simulation
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Fig. 7 shows the boundary conditions of tbemputational

Domain sub-grid while Table Il evidences its main A b f Ei 8 and 9 isotropitr d
dimensions. Inlet and outlet boundary conditionsemglaced S can be seen from Figs. © and 9, an Isotropi uotsre
mesh was chosen for tiiotor sub-grid in order to guarantee

respectively 100 diameters upwind and 200 diametetrrs]e same aceuracy in the prediction of rotor’s nce
downwind with respect to the rotor, allowing a full y P qrent

development of the wake, as suggested by the widrkmeira during the rotation_— according to the stuo!ieg 0”@?”95 et
et al [4]. As can be seen from Fig. 8, an unstmectunesh was al. [12] — and also in order to test the predictapability of a

chosen, in order to reduce engineering time to anephe vzry ts_lmple gr';j_l-_tCOHSl?erlr:g t:lelr feﬁtures o?;llmllty and
CFD simulations. The boundary of the central hotes wet as adaption capability, unstructured meshes are inviery easy

aninterface thus ensuring the continuity of the flow field. to obtain, also for complex geometries, and oftpresent the

The Rotor sub-gridis the fluid area simulating the revolution.f'rSt attempt” in order to get a quick responsenfr the CFD

of the windmill and is therefore characterized bynaving in engineering work.
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EFFECT OF GRID SPACING ON THE PREDICTED ROTOR TORQUBEFFICIENT FOR
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Coarser grid (adopted for the e
numerical simulations of the 0.064 i
windmill)
Finer grid 0.061
Fig. 9
TABLE IV
MAIN FEATURES OF THE ADOPTED GRID
- A sensitivity analysis was performed, in orderrvestigate
Denomination Value [m] the influence of th&otor sub-gridspacing, while thé&-w SST
Grid points uniform spacing on 5 turbulence model was chosen in accordance to thdtseof
rotor and stator blades [mm] Raciti Castelli et al [3]. A finer grid near thetoo blades was
Growth factor from rotor and stator . . . .
blades [-] 12 tested and the results obtained using this cordigam were
Grid points maximum spacing on 50 compared to those calculated on a coarser gridaAde seen
Rotor sub-gridarea [mm] from Table 1ll, comparisons show a little influenckthe grid
refinement on the prediction of rotor torque caséit,
defined as:
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Ct=T/(¥%pAV.’R) Q) Fig. 11 shows the evolution of the torque coeffitias a
function of the azimuthal coordinate (defined igute 6) for
while Table IV shows the main features of the addmgrid. the optimal TSR parameter (0.44): being the Steedslly

windmill composed of 8 blades, a 45° periodicity riotor
V. TEMPORAL DISCRETIZATION AND CONVERGENCECRITERIA  dynamic characteristics is registered.

The commercial CFD package ANSYS 12.1®, which
implements 2-D Reynolds-averaged Navier-Stokes te@nsa
using a finite volume based solver, was adopted tFer
proposed numerical simulations. The fluid was asslito be
incompressible, being the maximum fluid velocitytlie order 0,020
of 13 m/s. The temporal discretization was achievsd
imposing a physical time step equal to the lapsénoé the
rotor takes to make a 1° rotation. An improved terap
discretization simulation did not show any sigrafic 0,010
variation. As a global convergence criterion, eaithulation
was run until instantaneous torque coefficient galshowed a
deviation of less than 1% compared with the redatiglues of 0,000
the previous period, corresponding to a rotatiod st due to olo 05 10 15
rotor eight-bladed geometry. Residual convergererion -0,005
for each physical time step was set t3.10 TSR[-]

The present simulations required about 2 CPU secped
physical time step. An average value of about 3iwrations

0,030

0,025

0,015

cp [']

0,005

Fig. 10 Evolution of the Stevens & Jolly windmilbyer coefficient
as a function of the tip speed ratio and for aidierct wind speed of

was necessary for the solution to converge at @hg/sical 6 m/s

time step. Each simulation, performed on a 2.33 Glézk 0,14

frequency quad core CPU with Hyper-Threading, nexflia Y e

total CPU time of about 1 day. 012 . .
01 ¢, . >

VI. RESULTS ANDDISCUSSION 008 . !
Fig. 10 represents the evolution of the Stevenso&yJ ‘J_ 006 ‘e K

windmill power coefficient, defined as: ’ '-. g
0,04 .. .o

Co=P/(2pA V.5 2 0,02 LTI TN

for an incident wind speed of 6 m/s and as a fonatif the tip

. . 0 4 8 12 16 20 24 28 32 36 40 44
speed ratio, defined as:

Azimuth [°]

TSR =R,/ V., A3) Fig. 11 Evolu'tion of the S_tevens & JoIIy_ WindmidquL_Je coefficient
as a function of the azimuthal coordinate for théral TSR
parameter (0.44); the red arrow evidences the angaisition of
maximum torque generation

As can be clearly seen, the range of TSR valudewsr
than 1, being the driving mechanism of the rotoseohupon
the aerodynamic drag force. It can also be notited the wn
global efficiency of the rotor is quite poor, beitg maximum I:-;jj:
value of the power coefficient of only 2.8% and sidering

1.06e+01
9972400

that a modern drag-driven wind turbine typical @éncy can 8360100
be close to 20% [13]. Nevertheless, it should beerabered s
that the analyzed rotor geometry was based on raagamic e
project which dates back over 100 years ago, whersc¢ience oyl
of aerodynamics was still in its primordial stateldn a total 400200
absence of numerical techniques which could adist s

3.12e+00

designers. Besides, a low aerodynamic efficiendypgcal of 240400
drag-driven wind turbines, while the main argumiarfavor of e
these machines is their relatively low constructost, which S
makes them less expensive than comparable lifedriv Fig. 12 Contours of absolute velocity [m/s] for rimaim rotor

devices, as pointed out by Manwell et al. [14]. torque azimuthal positior € 38°). Several recirculation regions are
visible (enclosed inside the red circles)
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t)} vectors [m/s] for

VIl. CONCLUSIONS ANDFUTURE WORK

A numerical investigation of the unsteady flow arduhe
Stevens & Jolly windmill was presented, in ordeassess the
CFD potential in analyzing the wind machines of {re-
electrical age. A complete campaign of simulatiomsw
performed, investigating flow field characteristiits several
values of tip speed ratio and for a constant unpeed free-
stream wind velocity of 6 m/s.

The global efficiency of the analyzed rotor resulguite
poor, being the maximum value of the power coedfitionly
2.8%. This can be explained with the instauratibrseveral
recirculation regions inside the rotor, due to a-pptimal
interaction between rotor and stator blade aeradicgand

azimuthal positionf( = 38°). Several recirculation regions are visiblewith an inefficient admission of the air into thénal wheel due

(enclosed inside the red circles)

As can be seen from Fig. 12, showing an absolutecig
contour map for the angular position where the maxn rotor
torque is registered (evidenced by the red arrowig 11),

to flow separation in correspondence of stator édadhus
preventing the flow from entering the rotor zonehisT
undesired effect could be limited by adjusting #ernal
shutters: further work should be done, in ordemtgestigate
the effect of stator blades angle on overall rg@rformance,

the low global efficiency can be explained with thepy inclining the partitions and thus admitting the to the

instauration of several recirculation regions iesithe rotor,
due to a non-optimal interaction between rotor statbor blade
aerodynamics. This phenomenon can also be notioed Fig.

13, showing the absolute velocity vectors for tame angular
position: the recirculation zones between statod aotor

blades are clearly visible.

. i =

W =

Fig. 14 Absolute velocity vectors [m/s] for maximuator torque
azimuthal position. Flow separation in correspomeenf stator

blades (evidenced by the red arrows) can be regétereventing

the flow from entering the rotor zone.

From Fig. 14 an inefficient admission of the aitoirthe
wind wheel can be registered, due to flow sepamaiio
correspondence of stator blades preventing the fian
entering the rotor zone. Nevertheless, this unddsiffect
could be reduced by adjusting the external shytters
suggested by the inventors [10]: further numenwealk should
be done, in order to investigate the effect ofesthtades angle
on overall rotor performance, by inclining the gahs and

thus admitting the air to the wind wheel in the tnos

advantageous manner.

wind wheel in the most advantageous manner.

NOMENCLATURE
A[m? rotor swept area
Col-] rotor power coefficient
Ci[] rotor torque coefficient
D, [m] rotor diameter
Dy, [M] windmill external diameter (included the
partitions)
H, [m] rotor height
Hy [M] windmill height
H [m] computational domain height
L [m] computational domain length
R, [m] rotor radius
TSR [-] rotor tip speed ratio
V., [m/s] unperturbed wind velocity
W [m] computational domain width
01[°] rotor azimuthal coordinate
p [kg/m? air density (assumed 1.225)
o [rpm] rotor angular velocity
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