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ABSTRACT

The paper proposes the use of spinning and rotating
cylinders to replace the axial turbines of Solar Chimney power
plants. A large number of circular cylinders are placed
equidistant, on a circular track concentric with the solar
chimney axis. The cylinders spin around their own axis while
simultaneously rotating about the chimney axis. By virtue of
the Magnus effect, Lift forces arise which create force
components tangential to the track in the direction of motion of
the cylinders; thus mechanical work is produced. Using CFD
modeling, the paper analyzes the resulting flow pattern and
presents the expected performance of the hypothetical design
for different geometric parameters and operating conditions. It
is demonstrated that the design is indeed promising, and worthy
of further investigation and development. It is also revealed
that good performance of the proposed rotor is highly
dependent on the proper choice of operating parameters.

keywords: Magnus effect, Solar chimney plants, solar updraft
tower, turbines, acrodynamics.

INTRODUCTION

Solar chimney plants, also called solar updraft towers, [1-
4], are renewable energy devices ideally suited for desert
environments. They comprise three main components; namely
a large solar collector, a tall stack and a circular array of
horizontal axis turbines,[5-7].

The solar collector, which is similar in operation to a flat
plate collector, is formed from a circular glass roof which
transmits the short-wave solar radiation to the ground
underneath and blocks the long wave radiation from ground to
atmosphere, thus raising the temperature of the ground below
by virtue of the “green-house effect”. The ground, which acts
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as the absorber, warms the air above it. Buoyancy forces then
drive the hot air up a tall chimney stack, creating a strong
updraft of around 15 m/s. This updraft is employed to drive an
array of turbines connected to electrical generators.

Thus the solar chimney is the effective engine of the plant
which converts the solar heat energy into mechanical kinetic
energy. The taller the chimney stack, the higher the pressure
difference created across the wind turbine, and thus the higher
the output and efficiency. The larger the collector area, the
greater the air temperature-rise and the stronger the updraft.
The electrical output from such a plant is approximately
proportional to the cube of its size[8]. Hence by necessity
commercially viable solar chimney plants are huge with
capacities of the order of 200 Mw.

A proposed 200 Mw plant in Australia displayed a 1000 m
high stack of 150 m diameter, with an array of 32 horizontal
axis, pressure staged turbines of the axial-propeller(Kaplan)
type surrounding the stack on the ground. Special nacelles and
ducts surround the turbines to direct the flow and eliminate by-
pass.

Among the major costs of the plants are the turbines and
their ducting. Manufacturing of huge turbines, transporting
them, and installing them in remote desert sites is not cheap.
Moreover, they are the only large component of the plant which
is not constructed locally on site. Damage to blade profiles due
to sand-storms is also a likely possibility.

The objective of the present paper is to provide an
alternative to the propeller-type turbines which is cost effective,
may be constructed on site using local expertise, is easy to
maintain and replace, as well as being resistant to the harsh
desert environment. The answer lies in Manus effect rotors. To
the best of the author’s knowledge, the application for solar
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chimney plants is new and therefore warrants investigation.
This is done here with the aid of computational software.

The next section presents the proposed rotor design. The
following one describes the mathematical model employed to
predict the wind flow pattern and wind forces over the cylinder,
from which the output work is estimated for various operating
conditions and geometric parameters. Thereafter, results of the
computations are displayed and discussed, and finally
conclusions are presented.

PROPOSED DESIGN

Magnus effect is a well known flow phenomena which
arises when a rotating cylinder spins about its axis in the face
of a cross-wind. The flow pattern displays a region of increased
velocity were the surface tangential velocity points in the same
direction as the free stream velocity; and reduced velocity at
the diametrically opposite end, where the tangential velocity
opposes the free stream. Increased velocity is associated with
reduced pressure and vice-versa; thus a “Lift” force is created
on the cylinder, whose magnitude for idealized flow is the
product of the free wind speed, air density and circulation.

Magnus effect rotors have previously been proposed for
wind energy applications. The rotors were to be supported on
separate carriages, Fig.1, all connected together by chains and
running on a circular railway track, Fig.2. In order to keep the
tangential lift force component pointing in the same direction
for all cylinders, the rotational spinning speed of the individual
cylinders had to be reversed once each rotation round the track.
Moreover, for about half the track length the lift force
displayed a small component in the tangential direction, most
of the force pointing in the radial direction producing no work
and increasing frictional forces with the track. Thus the design
did not gain popularity.
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Figure 1. A Magnus effect rotor on a railway track

However, the artificial draft created by a solar updraft
tower is always pointing radially inwards towards the stack,
Fig.3, rather than parallel as the case for atmospheric wind.
Hence the same Magnus-rotor design would always produce a

tangential force pointing in same direction for all carriages
while maintaining a continuous, constant direction cylinder
spin. Moreover, it should be possible to align closely the lift
force with the tangential direction. This is expected to render
the new application much more favorable than for the
atmospheric wind application.

Figure 2. Sketch of spinning cylinders on a circular track
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Figure 3. Installation and flow inside a Solar Chimney plant

COMPUTATIONAL MODEL

A computational model is employed to predict the flow
field under various operating conditions.

Computational Domain
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The computational domain is two-dimensional. It
comprises an annular segment of the circle surrounding the
stack axis, and subtending an included angle equal to 2n/n,
where n is the total number of rotating cylinders. It thus
contains only a single cylinder. The radial extent of the
integration domain is 20m starting from an inner radius of 240
m. The cylinders where placed at a radius of 250 m, reflecting
the expected location of the rotor arrays for a 150 m diameter
stack.

Turbulence Model

The high Reynold’s number RNG form[10] of the k-¢
turbulence model[11] is employed in the present analysis since
Reynolds number of the flow is expected to be particularly high
due to the large dimensions of the ducts. Enhanced near wall
treatments were employed close to the wall at values of y" ~ 5.

Governing Equation

The (1,0) cylindrical polar system of co-ordinates is
employed to express the equations and describe boundary
conditions; variation of dependent variables in the vertical
direction was ignored since collector slope is very mild for
solar updraft towers. The equations solved are those of mass
conservation (continuity); momentum in radial, r and angular,0
direction; and kinetic energy of turbulence, k and its rate of
dissipation &.

Two rotations are considered here. The first of these is the
rotation of the whole integration domain with a velocity Q
about the axis of the stack, while the second refers to the
motion of the cylindrical surface due to the spinning about its
axis with a rotational velocity . The first of these involves
introducing appropriate acceleration terms in the momentum
equations reflecting the rotating frame of reference. The second
one is merely handled by moving the cylinder surface at the
desired prescribed velocity relative to the rotating frame of
reference.

Boundary Conditions

The integration domain is bounded by the following three types
of boundaries:

i) Inlet boundary : This corresponds to the external
radius of the integration domain. Here, a purely radial
inwards flow is prescribed, yielding a radial velocity
V. Turbulence intensity is prescribed to be 0.05 V*/2,
and its rate of dissipation is prescribed from k and the
local length scale.

ii) Exit boundary : This corresponds to the internal
radius of the integration domain. A uniform pressure
boundary conditions is prescribed at this boundary,
while other boundary values are prescribed default
values but are not effective, because of the parabolic
nature of the equations at this section(downstream
effects are not transmitted upstream).

iii) Side boundaries: These flank the integration domain
at both sides. Cyclic boundary conditions are imposed
there; they imply that flow conditions entering one
boundary are identical to those leaving the
corresponding positions on the opposite boundary..

FLOW ANALYSIS

Three distinct motions determine the flow field in the
neighborhood of the Magnus rotors, and therefore determine
their performance. They are the cylinder spin about its axis, ®;
the simultaneous rotational motion of the axis of the cylinders
about the stack center-line, Q; and the stack created draft of
“‘velocity, V. In order to facilitate the visualization of this
complicated flow field, two simpler but related flows are
analyzed first; they are the flow with stationary (but spinning)
cylinders, and the flow with spinning and rotating cylinders in
absence of the air draft.

Figure 4 displays the streamlines about a rotor whose axis
is stationary(€2=0), but otherwise spinning about its axis in the
anti-clockwise direction with ® r.p.m. and subject to a 10 m/s
induced draft. The induced draft direction is right-to-left and
the streamlines are displayed at equal increments. High flow
velocities occur where adjacent streamlines are close, and vice-
versa. It is thus revealed that the flow is accelerated at the top
surface of the cylinder where the surface tangential velocities is
approximately pointing in the same direction as the
unperturbed air draft, and decelerated at the bottom surface
where it points in the opposite direction. Moreover it is noticed
that at a distance of about 5 cylinder diameters, both upstream
and downstream the cylinder, the flow is fairly uniform and
aligned closely to the radial direction. Due to convection
effects, disturbances are seen to be propagated downstream a
larger distance than upstream.

Figure 5 displays the corresponding velocity vectors.
These represent both the magnitude and direction of the local
flow. It is seen that they are compatible with previous
streamlines.
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Figure 4. Streamlines about cylinder when Q = 0.
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Figure 5. Velocity vectors about cylinder when Q = 0.

Figure 6 displays the corresponding pressure contour lines.
The contour lines are displayed at equal increments. The
minimum value is at the top left of the cylinder, where the
velocity was shown to be maximum, whereas the maximum
value is at the bottom right-hand corner, where velocity was
minimum. The resultant force thus points upwards, i.e.
approximately perpendicular to the local radial direction. Since
this case also represents conditions prevailing when starting
from rest, it is gratifying to observe that the resultant force will
be nearly tangential to the track and therefore producing good
starting torque.

Figures(7-9) display the results corresponding to
Figures(4-6), respectively, for the case when both ® and Q
rotations are present, but in absence of an induced air-draft. In
order to facilitate comparison, both the plotted streamlines and

Induced Draft

velocity vectors pertain to motion relative to a reference frame
moving with the cylinder axis.

Figure 7 shows that at about 5 diameters away from the
cylinder the streamlines are nearly tangential to the track, since
they represent the air flow with respect to the cylinder. An
acceleration of flow is displayed on the left of the cylinder and
a deceleration on the right. Again this is because of the
alignment of the tangential surface velocity with the relative air
velocity on the left side of cylinder, and opposing it on the
right.

Figure 8 reveals the corresponding velocity vectors. The
acceleration and deceleration of flow over both sides of
cylinder is clear. Moreover a pronounced wake appears behind
the cylinder.
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Figure 7. Air-flow Streamlines relative to cylinder when V=0.

Figure 8. Velocity vectors relative to cylinder when V=0.
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Figure 6._Static Pressure contours when Q= 0.
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Figure 9 reveals the pressure contour lines surrounding the
cylinder surface. It is clear that the pressure is minimum on the
left side of the cylinder and maximum on the right. Thus a net
lift force acting on the cylinder is created which is pointing
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radially inwards. This force is normal to the track and therefore
to the direction of motion of the cylinders; it thus produces no
work output whatsoever. It is moreover, the prime source of
frictional force between cylinder and track.
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Figure 9. Static pressure contours when V=0.

The last two cases do not produce any useful work. The
first because the cylinder is not moving on the track and the
second because the resultant force acting on the cylinder is
acting normal to the track. To get positive work output, it is
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Figure 10. Streamlines relative to cylinder, w#0, Q#0, V#0.

Figurel0 displays the streamlines of the flow relative to
the cylinder for the general case when all three motions are
present, i.e. both spinning and rotation in presence of induced
draft. The streamlines thus approach and leave making an angle
with the radial direction. The angle of inclination is a function
of QR/V.

It is apparent that an acceleration zone appears on the top left
corner of the cylinder and a deceleration one almost
diametrically opposite.

necessary to allow the cylinder to move on the track, i.e. Q#0,
in the presence of an induced draft. In this case the resulting
flow will be a combination of the former two.

—Induced Dratt

Figure 11 displays the corresponding vectors; a
pronounced wake appears downstream the cylinder. Away from
the cylinder the flow is undisturbed. Figure 12 displays the
corresponding absolute velocities; it is seen that the flow enters
and leaves this part of the domain almost purely radially, but is
deflected near the cylinder. This deflection is what causes the
forces on the cylinder.
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Figure 11. Relative velocities when w#0, Q#0, and V#0.
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Figure 12. Absolute velocities when w#0, Q#0, and V#0.
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Figure 13 displays the pressure contour lines for this case.
Minimum pressure occurs at the location of maximum velocity,
whereas maximum pressure occurs close to location of the
minimum velocity. The pressure distribution indicates a net lift
force acting on the cylinder acting in a direction pointing
inwards and upwards.

This force would display a component tangential to the
track in the direction of cylinder motion, and another one
normal to the track. The former produces work whereas the
latter increases the friction force on the track. In addition to the
lift force a drag force also exists whose component in the
tangential direction usually acts in opposite direction to the
motion of cylinder thus reducing net work output.

PERFORMANCE PARAMETERS

The performance of the Magnus rotor is expected to
depend on o, Q, radius r of cylinder, radius R of track,
unperturbed induced draft speed V and number of rotors n. The
following dimensionless groups are formulated: the cylinder
spin about its axis speed-ratio o = or/V, the cylinder-axis
rotation around stack speed-ratio p = QR/V, and the ratio of
cylinder to track radii y = r/R. From these ratios other
dimensionless groups may be formed. In particular the solidity

ratio, S defined as S = (rn)/(nR) = (n y)/x.

SAMPLE CALCULATIONS

Results were obtained for many different values of @, Q, n,
and r, and some primitive optimization was performed in order
to identify the range of operation yielding highest performance.
Finally, the effect of varying the absolute value of V was
investigated. First explorations showed that the performance is
highly sensitive to the values of the parameters selected. Indeed
random values of parameters often led to the production of a
net force whose track component acts in opposite direction to
that of the cylinder motion, i.e. negative work.

Figure 14 displays the force vector components for 3
different ratios of y, 5 values of a and n= 180 when the
cylinders are stationary (Q2=0). Here the perpendicular lines
emerging from cylinder centers represent the force vector
components in the tangential and radial directions. The relative
cylinder size reflects the ratio y, whereas the segments of the
circle group results of the same value of a.

The results reveal that as o increases from 0.131 to 0.656,
the ratio of the tangential force component to radial component
increases considerably. Since the former produces the starting
torque while the latter produces friction, increase of this ratio is
always welcome. Increase of the cylinder radius ratio, y
increases both the tangential and radial forces. The increase in
Lift force is attributed to the increase of circulation about
cylinder axis for same ® and hence same a. The increase in

Drag force is attributed to the increase of surface area of
cylinder with increase of r.

Figure 15. Results for =0.655, n=180 and various y and a.

Allowing the cylinders to rotate on the track with f=0.655
produces markedly different results, Fig.15. In particular ratio
of tangential to radial component of forces decreases
substantially, in some cases(0=0.131,0.262) turning negative,
i.e. acting opposite to direction of motion and therefore
producing negative work. The combination of the larger y and
larger o produces the best results.
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Reducing the number of cylinders by a factor of 2, Fig.16,
did not reveal significant changes; only a slight reduction in
radial component due to decreased blockage of flow.

y
L

Figure 16. Results for =0.655, n=90 and various y and a.

Doubling the value of B to B=1.31 deteriorated the
performance considerably, Fig.17. In particular the radial
component increased while the tangential component
decreased. For values of a smaller than 0=0.656 the tangential
force component was actually acting opposite to direction of
cylinder motion on track; i.e. producing negative work. This
indicates that a value of p=1.31 with the current combinations
of o and n is far too big.

Figure 17. Results for =1.31, n=180 and various y and a.

All the previously displayed results were obtained for V=10
m/s; as initially it was assumed that the absolute value of V
would have no effect on results, since Reynold’s number of the
flow is high. However, further investigations revealed this not
to be true, as will be shown later.

PERFORMANCE OF MAGNUS-ROTORS

The best description of the performance of the proposed
rotor system is the efficiency of converting the kinetic energy
of the induced draft into mechanical/electrical power. For the
current investigations only the hydraulic efficiency is of
concern. The hydraulic efficiency 1, is defined as the ratio of
the gross mechanical power output to the power available in the
induced draft in absence of the rotors. It is expressed by :

— PM
RpV>
where Py, is the gross mechanical power output per unit

height of rotor, and p is air density. It is expressed by the
following relation:

M (M

2z
Py =nx(F, xQxR-o[7,r°d0) )
0

where F'ris the component of the wind force acting on the
cylinder tangential to local track direction, and tz,, is the local
shear stress at the surface of the cylinder. The mechanical
friction losses on the track, in cylinder bearings, and other
mechanical linkages are not considered in P, , hence the
“gross” designation.

Figurel8 displays the hydraulic efficiency variation with o
for various induced draft speeds, for p= 1.0, y=0.004 and
n=180. The latter values where found by relatively crude
optimization to yield best performance results. It is noticed that
Mn increases with V up to the maximum value of V considered
(40 m/s), but improvement asymptotes with further increase of
V. Larger values of V are not considered here as they would
normally not be achievable in a Solar updraft tower, without
use of convergent divergent ducting which is expensive and
introduces further hydraulic losses.

Since all other parameters are fixed, the increase of n,
with V is attributed to the solidity ratios employed being too
high for the lowest values of V. Thus trailing rotors are affected
by the wakes generated by leading ones. This phenomena is
well known in wind turbine design(e.g. [11]). The solidity ratio
is (ny)/n, and hence for a given V, improvements in 1, may be
brought about by decreasing either n or y, however this was not
investigated.

Figure 18 reveals that the maximum hydraulic efficiency is
around 87%, which is close to some hydraulic turbines,
although slightly inferior to large-sized Kaplan Turbines.
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SUMMARY & CONCLUSION

The paper proposes the use of Magnus effect rotors
instead of conventional axial turbines in Solar updraft towers.
An analysis of the flow pattern and resulting forces shows that
the performance of the rotors is very sensitive to the proper
selection of operational parameters. Using primitive
optimization, a hydraulic efficiency of 87% is achieved, which
should be improved if more rigorous optimization is
employed.

Moreover, the construction of cylinders is considerably
cheaper than the manufacture of turbine blades, and therefore
even with a slight drop in efficiency it may still make economic
sense to go for the Magnus effect rotors. The Magnus rotors
also have the superior advantage that they may be
manufactured locally employing local expertise in
underdeveloped countries, and performance is not expected to
deteriorate with time as fast as blades exposed to a harsh
environment.

It is thus concluded that the concept is promising and
worthy of further investigations.
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