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Abstract—This paper presents a numerical investigation of the 

unsteady flow around an American 19th century vertical-axis 
windmill: the Stevens & Jolly rotor, patented on April 16, 1895. The 
computational approach used is based on solving the complete 
transient Reynolds-Averaged Navier-Stokes (t-RANS) equations: a 
full campaign of numerical simulation has been performed using the 
k-ω SST turbulence model. Flow field characteristics have been 
investigated for several values of tip speed ratio and for a constant 
unperturbed free-stream wind velocity of 6 m/s, enabling the study of 
some unsteady flow phenomena in the rotor wake. Finally, the global 
power generated from the windmill has been determined for each 
simulated angular velocity, allowing the calculation of the rotor 
power-curve. 
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I. INTRODUCTION 

IND power has been used as long as humans have put 
sails into the wind. The history of windmills shows a 

general evolution from the use of simple and light devices 
driven by aerodynamic drag forces to heavy and material-
intensive drag solutions. For more than two millennia wind-
powered machines have ground grain and pumped water. 
Wind power was in fact widely available and not confined to 
the banks of fast-flowing streams. Wind-powered pumps 
drained the polders of the Netherlands and, in arid regions 
such as the American deserts or the Australian outback, wind 
pumps provided water for live stock and steam engines. 

As reported by White [1], in the American Midwest 
between 1850 and 1900, a large number of small windmills, 
perhaps six millions were installed on farms. The primary use 
was water-pumping and the main applications were stock 
watering and farm home water needs. Very large windmills, 
with rotors up to 18 meters in diameter, were used to pump 
water for the steam railroad trains that provided the primary 
source of commercial transportation in areas where there were 
no navigable rivers. 
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To appraise the evolution of windmills from their origin up 

to the present time demands a considerable investigation work 
and a wide knowledge of ancient and modern wind turbine 
mechanics and aerodynamics. Nevertheless, the wide potential 
of recent numerical techniques based on Computational Fluid 
Dynamics (CFD), allows tracing back the fundamental steps of 
the evolution of the modern wind turbine concepts. As a matter 
of fact, the use of CFD for the design and analysis of vertical-
axis wind turbines has aroused a large credit, not only in 
research and academic communities but also in industrial 
appliances. A first attempt to improve the efficiency of a 
vertical-axis wind turbine through the application of the 
emerging CFD capabilities was performed by Vassberg et al. 
[2] through the simulation of the dynamic motion of a turbine 
blade spinning about a vertical axis and subjected to a far-field 
uniform free-stream velocity flow field. 

Raciti Castelli et al. [3] performed a numerical analysis 
validation campaign for a Darrieus micro Vertical-Axis Wind 
Turbine (VAWT) through a systematic comparison with wind 
tunnel experimental data. This work proved that it is possible 
to determine the best near-blade grid element dimension 
through statistical analysis of some indicators, such as the y+ 
parameter, in order to maximize the accuracy of the numerical 
prediction of rotor performance, while maintaining a 
reasonable computational effort. 

Ferreira et al. [4] [5] presented a systematic CFD analysis of 
a two-dimensional blade configuration. The effect of dynamic 
stall in a 2D single-bladed VAWT was investigated, reporting 
the influence of the turbulence model in the simulation of the 
vortical structures spread from the blade. 

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

Raciti Castelli and Benini [7] presented a model for the 
evaluation of energy performance and aerodynamic forces 
acting on a helical single-bladed VAWT depending on blade 
inclination angle: the analysis was based on five machine 
architectures, which were characterized by an inclination of 
the blades with respect to the horizontal plane in order to 
generate a phase shift angle of 0°, 30°, 60°, 90° and 120° 
between lower and upper blade sections, for a rotor with an 
aspect ratio of 1.5. 
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Raciti Castelli and Benini [8] presented two-dimensional, 
time-accurate, parallel CFD simulations of the flow field 
around a three-bladed Darrieus rotor, in order to determine the 
influence of blade thickness on the operation of a straight-
bladed Darrieus-type VAWT. 

Raciti Castelli and Benini [9] presented a two-dimensional 
CFD comparison between the energy performance of two 
small scale VAWTs, characterized by a 0° and a -1° pitch 
angle between blade chord and spoke axis. 

In the present work a numerical investigation of the 
unsteady flow around the Stevens & Jolly windmill is 
presented, in order to assess the CFD potential in analyzing the 
wind machines of the pre-electrical age. A complete campaign 
of simulation was performed, investigating flow field 
characteristics for several values of tip speed ratio and for a 
constant unperturbed free-stream wind velocity of 6 m/s, thus 
enabling the study of some unsteady flow phenomena in the 
rotor wake. Finally, the rotor power-curve was determined, 
thus evaluating the improvements made in more than 100 years 
technical evolution of wind power. 

II.  THE CASE STUDY 

The presented work is based upon the vertical-axis windmill 
patented on April 16, 1895 by John H. Stevens and John L. 
Jolly [10], citizens of the United States residing at Marshfield 
in the county of Webster and State of Missouri. The object of 
the invention was to improve the construction of that class of 
windmills presenting horizontal wind wheels spinning around 
a vertical axis and to provide a simple and inexpensive means 
for controlling the admission of wind to the rotor by properly 
directing the flow to the rotor itself. 
 

 
Fig. 1 Vertical view of the Stevens and Jolly windmill (from: [10]) 

 
As can be seen from Figs. 1 and 2, showing respectively a 

vertical and an isometric view of the proposed rotor, the 
Stevens & Jolly windmill was composed of a circular casing 
(1), designed to be mounted on a windmill tower and adapted 
in order to contain a horizontal wind wheel (2), spinning 
around a central vertical axis. The casing consisted of upper 
(3) and lower (4) disks and a series of adjustable partitions or 
shutters (5) arranged at the peripheries of the disks.  

The partitions carried sprocket wheels (9) connected by a 
sprocket chain (10) whereby the shutters were simultaneously 
operated. 

Fig. 3 shows a horizontal section of the rotor. As reported 
by the inventors, the adjustable partitions could be arranged at 
any desired angle for admitting air to the wind wheel in the 
most advantageous manner. The same partitions had also the 
function of shielding the wind tending to retard the revolution 
of the windmill or also to stop the rotor by excluding any air 
passage between them, as evidenced in Fig. 4. 
 

 
Fig. 2 Isometric view of the Stevens & Jolly windmill (from: [10]) 

 

 

Fig. 3 Horizontal section of the rotor (from: [10]) 
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III.  MODEL GEOMETRY 

Fig. 5 shows the numerical model of the tested windmill, 
corresponding to an arrangement of the adjustable partitions in 
order to obtain the same configuration shown in Fig. 3. The 
main geometrical features of the tested rotor are summarized 
in Table I. 

 
Fig. 4 View of the horizontal section of the rotor completely shielded 

from external wind by means of the partitions (from: [10]) 
 
 

 

Fig. 5 Numerical model of the tested windmill; rotor blade 
numbering is also shown (in blue) 

 

 
Fig. 6 Azimuthal coordinate of blade No. 1 tip 

TABLE I 
MAIN GEOMETRICAL FEATURES OF THE TESTED ROTOR 

Denomination Value [m] 

Windmill external diameter 
(included the partitions), Dw 

5 

Rotor diameter, Dr 1.67 
Windmill height, Hw 1 (2D simulation) 
Rotor height, Hr 1 (2D simulation) 

 
Fig. 6 explains the adopted reference system for the 

individuation of blade coordinates during rotor revolution: 
azimuthal position was identified by the angular coordinate of 
the end tip of blade No. 1, starting between the 2nd and 3rd 
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 moving sub-grids 
was necessary.  

In particular, the discretization of the computational 
domain into macro-areas led to two distinct sub-grids: 

• a rectangular outer zone determining the overall 
calculation domain, with a circular opening centered on 
the turbine rotational axis, which was identified as 
Computational Domain sub-grid, fixed; 

• a circular inner zone, which was identified as Rotor sub-
grid, rotating with angular velocity ω. 

 
TABLE II 

MAIN DIMENSIONS OF THE COMPUTATIONAL DOMAIN SUB-GRID 

Denomination Value [m] 

Computational domain length, L 300 
Computational domain width, W 200 
Computational domain height, H 1 (2D simulation) 

 

Dr  Dw 

1  
2  

3  

4  

5  

6  

8  

7  

WIND 
DIRECTION  

θ  Blade No. 1  

(0;0)          X  

Y  
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Fig. 7 Boundary conditions of the Computational Domain sub-grid 
 

Fig. 7 shows the boundary conditions of the Computational 
Domain sub-grid, while Table II evidences its main 
dimensions. Inlet and outlet boundary conditions were placed 
respectively 100 diameters upwind and 200 diameters 
downwind with respect to the rotor, allowing a full 
development of the wake, as suggested by the work of Ferreira 
et al [4]. As can be seen from Fig. 8, an unstructured mesh was 
chosen, in order to reduce engineering time to prepare the 
CFD simulations. The boundary of the central hole was set as 
an interface, thus ensuring the continuity of the flow field. 

The Rotor sub-grid is the fluid area simulating the revolution 
of the windmill and is therefore characterized by a moving 
mesh, revolving at the same angular velocity of the rotor. Its 
location coincides exactly with the hole inside the 
Computational Domain sub-grid. It is good engineering 
practice to provide that the mesh on both sides of the interface 
(Rotor sub-grid and Computational Domain sub-grid) has 
approximately the same characteristic cell size in order to 
obtain faster convergence [11]. 
 

TABLE III 
EFFECT OF GRID SPACING ON THE PREDICTED ROTOR TORQUE COEFFICIENT FOR 

10 RPM ROTOR ANGULAR VELOCITY 

 Ct [-] 

Coarser grid (adopted for the 
numerical simulations of the 
windmill) 

0.064 

Finer grid 0.061 

 
TABLE IV 

MAIN FEATURES OF THE ADOPTED GRID 

Denomination Value [m] 

Grid points uniform spacing on 
rotor and stator blades [mm] 

5 

Growth factor from rotor and stator 
blades [-] 

1.2 

Grid points maximum spacing on 
Rotor sub-grid area [mm] 

50 

 

 
Fig. 8 Rotor sub-grid isotropic unstructured mesh 

 
As can be seen from Figs. 8 and 9, an isotropic unstructured 

mesh was chosen for the Rotor sub-grid, in order to guarantee 
the same accuracy in the prediction of rotor’s performance 
during the rotation – according to the studies of Commings et 
al. [12] – and also in order to test the prediction capability of a 
very simple grid. Considering their features of flexibility and 
adaption capability, unstructured meshes are in fact very easy 
to obtain, also for complex geometries, and often represent the 
“first attempt” in order to get a quick response from the CFD 
in engineering work. 

 

 
Fig. 9 Detail of near-blade mesh for Computational Domain sub-grid 

 
A sensitivity analysis was performed, in order to investigate 

the influence of the Rotor sub-grid spacing, while the k-ω SST 
turbulence model was chosen in accordance to the results of 
Raciti Castelli et al [3]. A finer grid near the rotor blades was 
tested and the results obtained using this configuration were 
compared to those calculated on a coarser grid. As can be seen 
from Table III, comparisons show a little influence of the grid 
refinement on the prediction of rotor torque coefficient, 
defined as: 
 

Symmetry 

Symmetry 

 Velocity Inlet 

 Pressure Outlet 

 Interface 
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Ct = T / (½ ρ A V∞
2 Rr)                     (1) 

 
while Table IV shows the main features of the adopted grid. 

V. TEMPORAL DISCRETIZATION AND CONVERGENCE CRITERIA 

The commercial CFD package ANSYS 12.1®, which 
implements 2-D Reynolds-averaged Navier-Stokes equations 
using a finite volume based solver, was adopted for the 
proposed numerical simulations. The fluid was assumed to be 
incompressible, being the maximum fluid velocity in the order 
of 13 m/s. The temporal discretization was achieved by 
imposing a physical time step equal to the lapse of time the 
rotor takes to make a 1° rotation. An improved temporal-
discretization simulation did not show any significant 
variation. As a global convergence criterion, each simulation 
was run until instantaneous torque coefficient values showed a 
deviation of less than 1% compared with the relative values of 
the previous period, corresponding to a rotation of 45° due to 
rotor eight-bladed geometry. Residual convergence criterion 
for each physical time step was set to 10-5. 

The present simulations required about 2 CPU seconds per 
physical time step. An average value of about 30 sub-iterations 
was necessary for the solution to converge at each physical 
time step. Each simulation, performed on a 2.33 GHz clock 
frequency quad core CPU with Hyper-Threading, required a 
total CPU time of about 1 day. 

VI.  RESULTS AND DISCUSSION 

Fig. 10 represents the evolution of the Stevens & Jolly 
windmill power coefficient, defined as: 
 
Cp = P / (½ ρ A V∞

3)                         (2) 
 
for an incident wind speed of 6 m/s and as a function of the tip 
speed ratio, defined as: 
 
TSR = ωRr / V∞                        (3) 
 

As can be clearly seen, the range of TSR values is lower 
than 1, being the driving mechanism of the rotor based upon 
the aerodynamic drag force. It can also be noticed that the 
global efficiency of the rotor is quite poor, being the maximum 
value of the power coefficient of only 2.8% and considering 
that a modern drag-driven wind turbine typical efficiency can 
be close to 20% [13]. Nevertheless, it should be remembered 
that the analyzed rotor geometry was based on an aerodynamic 
project which dates back over 100 years ago, when the science 
of aerodynamics was still in its primordial state and in a total 
absence of numerical techniques which could assist the 
designers. Besides, a low aerodynamic efficiency is typical of 
drag-driven wind turbines, while the main argument in favor of 
these machines is their relatively low construction cost, which 
makes them less expensive than comparable lift-driven 
devices, as pointed out by Manwell et al. [14]. 

 

Fig. 11 shows the evolution of the torque coefficient as a 
function of the azimuthal coordinate (defined in Figure 6) for 
the optimal TSR parameter (0.44): being the Stevens & Jolly 
windmill composed of 8 blades, a 45° periodicity in rotor 
dynamic characteristics is registered. 
 

 
Fig. 10 Evolution of the Stevens & Jolly windmill power coefficient 
as a function of the tip speed ratio and for an incident wind speed of 

6 m/s 

 
Fig. 11 Evolution of the Stevens & Jolly windmill torque coefficient 

as a function of the azimuthal coordinate for the optimal TSR 
parameter (0.44); the red arrow evidences the angular position of 

maximum torque generation 
 

 
Fig. 12 Contours of absolute velocity [m/s] for maximum rotor 

torque azimuthal position (θ = 38°). Several recirculation regions are 
visible (enclosed inside the red circles) 
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Fig. 13 Absolute velocity vectors [m/s] for maximum rotor torque 

azimuthal position (θ = 38°). Several recirculation regions are visible 
(enclosed inside the red circles) 

 
As can be seen from Fig. 12, showing an absolute velocity 

contour map for the angular position where the maximum rotor 
torque is registered (evidenced by the red arrow in Fig. 11), 
the low global efficiency can be explained with the 
instauration of several recirculation regions inside the rotor, 
due to a non-optimal interaction between rotor and stator blade 
aerodynamics. This phenomenon can also be noticed from Fig. 
13, showing the absolute velocity vectors for the same angular 
position: the recirculation zones between stator and rotor 
blades are clearly visible. 

 

 
Fig. 14 Absolute velocity vectors [m/s] for maximum rotor torque 
azimuthal position. Flow separation in correspondence of stator 

blades (evidenced by the red arrows) can be registered, preventing 
the flow from entering the rotor zone. 

 
From Fig. 14 an inefficient admission of the air into the 

wind wheel can be registered, due to flow separation in 
correspondence of stator blades preventing the flow from 
entering the rotor zone. Nevertheless, this undesired effect 
could be reduced by adjusting the external shutters, as 
suggested by the inventors [10]: further numerical work should 
be done, in order to investigate the effect of stator blades angle 
on overall rotor performance, by inclining the partitions and 
thus admitting the air to the wind wheel in the most 
advantageous manner. 

VII.  CONCLUSIONS AND FUTURE WORK 

A numerical investigation of the unsteady flow around the 
Stevens & Jolly windmill was presented, in order to assess the 
CFD potential in analyzing the wind machines of the pre-
electrical age. A complete campaign of simulation was 
performed, investigating flow field characteristics for several 
values of tip speed ratio and for a constant unperturbed free-
stream wind velocity of 6 m/s. 

The global efficiency of the analyzed rotor resulted quite 
poor, being the maximum value of the power coefficient only 
2.8%. This can be explained with the instauration of several 
recirculation regions inside the rotor, due to a non-optimal 
interaction between rotor and stator blade aerodynamics and 
with an inefficient admission of the air into the wind wheel due 
to flow separation in correspondence of stator blades, thus 
preventing the flow from entering the rotor zone. This 
undesired effect could be limited by adjusting the external 
shutters: further work should be done, in order to investigate 
the effect of stator blades angle on overall rotor performance, 
by inclining the partitions and thus admitting the air to the 
wind wheel in the most advantageous manner. 

NOMENCLATURE 

A [m2]    rotor swept area 
Cp [-]    rotor power coefficient 
Ct [-]    rotor torque coefficient 
Dr [m]    rotor diameter 
Dw [m] windmill external diameter (included the 

partitions) 
Hr [m]    rotor height 
Hw [m]    windmill height 
H [m]    computational domain height 
L [m]    computational domain length 
Rr [m]    rotor radius 
TSR [-]   rotor tip speed ratio 
V∞ [m/s]   unperturbed wind velocity 
W [m]    computational domain width 
θ [°]     rotor azimuthal coordinate 
ρ [kg/m3]   air density (assumed 1.225) 
ω [rpm]   rotor angular velocity 
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