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Abstract: Applications of the Savonius rotor have been extended in recent years, necessitating an
in-depth investigation on flow characteristics of such a fluid energy converting device. For the wake
flow downstream of the Savonius rotor, studies have been reported extensively. Nevertheless, literature
specifically devoted to the upstream flow of the Savonius rotor can rarely be found. This review collects
and compiles findings from relevant studies to prove the significance of upstream flow patterns to the
operation of the Savonius rotor. Then attempts from experimental and numerical aspects to substantiate
the important effect of the upstream flow are implemented. Based on practical cases and laboratory
works, upstream flow patterns for the Savonius rotor are divided into four types, namely uniform flow,
guided flow, rotor wake flow and oscillating flow. Accordingly, conditions under which these upstream
flow patterns arise are analyzed respectively. Experimental and numerical results are presented to clarify
the influential factors underlying diverse upstream flow patterns. Furthermore, the relationship between
the performance of the Savonius and the upstream flow is elucidated, facilitating the development of
techniques of controlling the upstream flow. This review provides a systematic reference for the control
of the upstream flow for the Savonius rotor, which has the tendency of developing into an independent
technical branch.

Keywords: Savonius rotor; upstream flow; auxiliary device; multiple rotors; experimental condition;
rotor performance

1. Introduction

The Savonius rotor is the representative of the drag-type wind rotors and has attracted much
attention since its debut [1]. The advantage of the Savonius rotor is evident as it is applied to pump
water from the well in rural areas or to generate electricity for household use [2]. In recent years,
various Savonius rotors have been reported [3]. The Savonius rotor plays dual roles: one is as an energy
converter and the other is as the solid boundary that dominates the surrounding flow characteristics.
Meanwhile, as the Savonius rotor rotates, a periodic disturbance will be imposed on the ambient fluid;
thus flow patterns and rotor performance change inter-relatedly with rotor rotation.

In terms of fluid flow in the vicinity of the Savonius rotor, the wake flow has been studied
extensively [4]. In contrast, specific treatment of the upstream flow has rarely been reported. Essentially,
the rotor performance depends largely on the upstream flow pattern. Measures of controlling the upstream
flow such as deploying auxiliary device like the curtain or the deflector have been attempted [5].
In this aspect, both flow characteristics and technical issues have to be considered [6]. For instance,
the intrusion of the auxiliary device might produce considerably different upstream flow relative to
the original one. Another example is to control the upstream flow velocity through adjusting the car speed
during the tow testing [7]. Intricate upstream flows are often encountered in practical applications of the
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Savonius rotor, as is appreciable from the cases featured by the integration of the Savonius rotor with
buildings [8]. Apart from frequently varied wind direction, the upstream flow is exposed to wall effects
of the adjacent buildings as well; the combination of these two effects reinforces the complexity of the
upstream flow.

The configuration of multiple rotors enables the acquisition of more fluid energy that obtained
with single rotor. In this context, the upstream flow of the downstream rotor bears distinct impression
of the wake flow of the front rotor [9]. It is explicit that the wake flow of the Savonius rotor exhibits
unevenness and unsteadiness. Therefore, the flow condition faced by the downstream rotor boosts
the deviation between practical operation and the basic assumption for rotor design. Regarding the
combined rotor with the Savonius rotor being surrounded by three Darrieus rotor blades, the upstream
flow of the Savonius rotor is dominated by the rotating wake flows of the lift-type blades [10,11].
As the shedding vortex elements enter the flow region covered by the rotation of the Savonius rotor,
the transient variation of torque coefficient of the rotor might be affected by twin frequencies, vortex
shedding frequency and rotor blade frequency.

As the Savonius rotor rotates, the flow immediately upstream of the rotor is fundamentally
the superimposition of the uniform upstream flow and the rotating flows driven by the rotor [12].
This argument is easy to materialize with the conventional Savonius rotor since the cross sections
along the rotor axis are identical. While for the Savonius rotor with twisted blades, common
techniques are deficient in the presence of complex upstream flow patterns in the presence of the fully
three-dimensional velocity. Furthermore, flow principles supporting the optimization the upstream
flow and the operation of the Savonius rotor have not established so far [13]. In terms of the flow
control, is has only been discussed in vertical lift-type wind rotor in the suppression of the stall
phenomenon [14]. Nevertheless, the strategies feasible for the lift-type rotor cannot be transplanted
into the drag-type rotor owing to the considerable imparity in rotor operation principles.

Measurement techniques and numerical simulation are prevalent in treating flows near the Savonius
rotor. The application of non-intrusive flow velocity techniques such as particle image velocimetry
(PIV) and laser Doppler velocimetry (LDV) deepens the understanding of flow characteristics near the
Savonius rotor. Nevertheless, for twisted rotor blades, flow measurement still suffers from uncertainties.
In contrast, numerical simulation proves to be more reliable. With computational fluid dynamics (CFD)
technique, flow details are fully revealed near the Savonius rotor irrespective of the rotor structure or
blade shape [15]. A prerequisite for reliable CFD results is the proper specification of upstream flow
conditions [16]. Currently, the most intricate and uncertain factor in the application of CFD technique is
the turbulence model. Actually, no universally adaptable turbulent model has been invented.

The success of the Savonius rotor is not limited in wind energy utilization. The concept of
exploiting the kinetic energy of flowing water is enriched with the introduction of the hydraulic
Savonius rotor [17]. In this context, the upstream flow to which the Savonius rotor is exposed involves
wavy and oscillating flow structures. Undoubtedly, the density of the medium should be taken into
account. This is a fairly new application of the Savonius rotor but has attracted a lot of interest from
academic and engineering fields. In addition, the hydraulic Savonius rotor can be used as a velocity
measurement tool based on the linear relationship between the velocity of undisturbed upstream flow
and rotor rotational speed [18].

The purpose of the present study is to review extensively studies of the upstream flow of the
Savonius rotor and to throw light on the flow mechanism underlying upstream flow control. Since
no report has been found to offer a specific discussion of the flows upstream of the Savonius rotor,
the present study will extract related viewpoints and results from the published literature and compile
them into different categories. Furthermore, fairly new patterns of the upstream flow are presented,
which is motivated by practical applications of the Savonius rotor. Four types of upstream flows are
covered in the present study, namely uniform flow, guided flow, rotor wake flow and oscillating flow.
The fluid medium considered is extended from air to water, which means that the Savonius rotor
can be used to absorb water energy, which is involved as well in the present study. A global view of
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the development of the upstream flow control methods is enabled with the review. The relationship
between the upstream flow and the performance of the Savonius rotor is clarified, which provides a
sound support for the improvement of the rotor performance via upstream flow control.

To supplement upstream patterns, numerical simulation and experiments were performed in the
present study. For numerical simulation, the numerical scheme adopted in [19] was used here. Flows
near the Savonius rotor are assumed as impressible. Therefore, Reynolds averaged Navier-Stokes (RANS)
equations, including continuity and momentum equations, are used as governing equations. A turbulent
model is required to accomplish the closure of the governing equations. Thus far, the suitability of
turbulent model is still a controversial issue [20]. Here, the one-equation Spalart-Allmaras turbulence
model is selected. This can properly treat complex flows and the boundary layer effects near the rotor
blade [21]. Apart from the numerical scheme, grid deployment plays another important role in the
production of valid numerical results [22]. In the present study, for all numerical cases, the equiangle
skewness of the grids ranges from 0.2 to 0.28; the values of y+ range from 27 to 61. For the interface
between rotating and non-rotating domains, the fidelity of data exchange was ensured through adjusting
grid density near the interface. The commercial code ANSYS Fluent was employed as the numerical solver.

2. Fundamental Flow Characteristics of the Savonius Rotor

The Savonius rotor falls into the drag-type rotor category. The geometry of the conventional
Savonius rotor is featured by S-shaped cross sections. Thus far, the rotor geometry has been improved
based on the conventional Savonius rotor [23]. For instance, the Savonius rotor with twisted blades has
been proved to be more adaptable to wind directions compared to the conventional one. Nevertheless,
the principles underlying the rotor design have not established yet. In this case, empirical relationship
and judgment are prevalent. Fundamentally, the design of the Savonius rotor conforms to the Betz’s
elementary momentum theory [24]. The Betz’s theory offers a rather ideal explanation of the kinetic
energy received by the rotor as air passes through the rotor. The premise for the Betz’s theory is
that rotor is exposed to uniform upstream flow. With uniform upstream flow, the mass and energy
balance associated with the control volume enclosing the Savonius rotor can be described explicitly.
Nevertheless, owing to the rotor rotation, both the uniformity and steadiness of the upstream flow
cannot be guaranteed. Hitherto, the knowledge about near-rotor flows and fluid pressure over rotor
blade surface is far from sufficient. And the latter is directly related to the torque and power output of
the Savonius rotor.

A conventional two-bladed Savonius rotor is schematically shown in Figure la. As for the
returning blade, its rotation is hindered by the upstream flow, and a part of the kinetic energy carried
by the upstream flow is not transferred into useful work. Consequently, the energy utilization ratio
is undermined. Such a rationale is illustrated by the flow pattern near the Savonius rotor, which
was obtained in the present study and is displayed in Figure 1b. It is seen that the returning blade
is exposed to the resistance of the uniform upstream flow. At this moment, the upstream flow near
the rotor is obviously influenced by the convex and concave blade surfaces. The initially straight
and parallel streamlines featuring the upstream flow are distorted due to the invasion of the rotor
surface. The numerical result obtained here is similar to that documented in [25]. Additionally,
with such a rotor orientation with respect to the upstream flow, a large torque coefficient is predictable;
the contribution of the advancing blade is predominant for the torque production.
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Figure 1. Conventional Savonius rotor. (a) Schematic view of the rotor; (b) Cross-sectional flow pattern

around the rotor.

3. Upstream Flow Control via Auxiliary Device

3.1. Curtains Deployed Upstream of the Rotor

In view of the flow velocity distribution displayed in Figure 1, it is desirable that the resistance to
the counter-clockwise rotation of the returning blade is minimized. This can be accomplished through
installing a pair of curtains upstream of the Savonius rotor, which is shown in Figure 2a [26]. Curtains
play the role of guiding the upstream flow towards improving the ratio of effective work. Upstream
flow patterns obtained in the present study are shown in Figure 2 as well. It is seen that the two curtains
guide the upstream flows to impinge the advancing blade, as indicated in Figure 2b. For the returning
blade, the left and right sides are dominated by fairly equivalent pressure distributions, as shown
in Figure 2c. Thus the resistance to the rotor delivered through the returning blade is undermined.
Moreover, a comparison between Figures 1b and 2b testifies that the wake flow characteristics change
considerably with the participation of the curtains. Meanwhile, such an upstream flow control strategy
improves the operation performance of the Savonius rotor [27].
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Energies 2018, 11, 1482 5 of 20

0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75(mM/s)

Flow direction mmmp
/Upper curtain

(b)

4 16 20 24 28 32 36 40 44 48 52 (+101290 Pa)

Figure 2. Cross-sectional flow parameter distributions with upstream curtains. (a) Configuration of
upper and lower curtains [26]; (b) Velocity distribution; (c) Static pressure distribution.

The most distinct advantage of numerical simulation is that static pressure can be acquired,
which cannot be obtained using existing experimental techniques. In the present study, based on the
numerical results associated with the two cases shown in Figures 1 and 2, the static pressure over
the rotor blade surface was integrated to calculate the torque exerted on the whole rotor. In Figure 3,
the torque coefficient is plotted as a function of the angle of rotation based on the numerical results.
It is explicit that negative torque coefficients are completely eliminated with the deployment of the
two curtains, although the maximum torque coefficients of the two cases are nearly equal. This means
that energy conversion for the scheme with the curtains is more effective compared to its counterpart.
Alternatively, no energy is consumed to hinder the rotation of the rotor.

0.40

0.35 ] —{— Rotor without curtains
o —C— Reotor with curtains

0.30 -

Torque coefficient
3
1

0.00 4
-0.05+

0004 _ , S
0 50 100 150 200 250 300 350
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Figure 3. Comparison of torque coefficient between the schemes with and without curtains.
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3.2. Single Upstream Deflector

With respect to the situation demonstrated in Figure 2, the lower curtain is apparently more
important than the upper curtain since it directly blocks the upstream flow that will otherwise impact
on the returning blade. Actually, the attempt of using this curtain exclusively was made in [28],
as illustrated in Figure 4a. In this context, curtain, plate and deflector are three names with the same
meaning. The flow parameter distributions with such a configuration were simulated in the present
study, and the results are displayed in Figure 4b,c. It is seen that the flow field gives an impetus to the
clockwise rotation of the rotor. Another flow feature in Figure 4b is the high-velocity band near the
convex side of the returning blade. High velocity is related to the clearance between the returning blade
and the stagnation region downstream of the deflector. Therefore, the pressure difference over the two
sides of the returning blade also contributes to the anti-clockwise rotation of the rotor, as indicated in
Figure 4c. Further study is necessitated to optimize the relative position between the deflector and the
rotor, the deflector setting angle and the deflector length.

— Advancing

- blade
Upstream flow )

—r Returning

_ﬁeflector blade

(a)
N e B

1152 253354455556 657758 85 9(M/s)

Flow direction 2

Deflector

/
(b)
LB .

-40-35-30-25-20-15-10 -5 0 5 10 15 20 25 30 (+101325 Pa)

Low pressure zone

(c)

Figure 4. Cross-sectional flow parameter distributions with single deflector. (a) Single deflector scheme [28];
(b) Velocity distribution; (c) Static pressure distribution.
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3.3. Scheme of Shield Plates

A shield plate was mounted upstream of the Savonius rotor as the rotor was used to absorb the
kinetic energy of water [29]. With such a scheme, an increase in the power coefficient was proved.
Essentially, the influence of adverse pressure gradients can be averted via the deployment of the shield
plate, which serves as the most important reason of the improvement of rotor performance. A more
flexible scheme of shield plates recorded in [30] is schematically shown in Figure 5a. It is seen that two
curved plates constituted a short duct within which the Savonius rotor was installed. In the present
study, numerical simulation for such a scheme was performed and corresponding flow parameter
distributions are shown in Figure 5b,c. It is noticeable that the duct bounded by the two plates is
not parallel with the upstream flow. In the duct, the advancing blade is subjected to advantageous
pressure difference, while the resistance to the returning blade is mitigated with the jet-like flow
structure near the tip of the returning blade, as shown in Figure 5b. Moreover, for the returning
blade, pressure at the concave side is higher than that at the convex side, as indicated in Figure 5c;
this facilitates the counter-clockwise rotation of the rotor as well. Furthermore, it has been proved
in [31] that the combination of the Savonius rotor and shield plates promotes the rotor performance at
all rotor rotation angles.

Upper shield plate

(Returning blade
“Advancing blade

Upstraﬁl flow

—

. Lower shield plate
(@)
B | [ | HT TET | e

01 2 3 4 5 6 7 & 9 10 11 12 (mfs) 65 55 -45 -35 256 -15 -5 5 15 25 35 (+101325Pa)

|

Flow.direction =

Upper shield plate

Lower shield plate

(b)

Figure 5. Scheme of curved shield plates. (a) Scheme featured by two curved plates [30]; (b) Velocity
distribution; (c) Static pressure distribution.

An even more intricate configuration of the auxiliary plates with various geometrical shapes is
exhibited in Figure 6 [32], where the flow characteristics are illustrated as well. The invention of such
a combined structure with three plates is based inevitably on flow analysis. As implied in Figure 6,
a part of the upstream flow is controlled by curtains. Another part of the upstream flow is guided
into a flow passage along a twisted route. A branch of the flows in this passage will impinge the
concave side of the returning blade. In this context, both blades are associated with favorable pressure
distributions. Nevertheless, it can be inferred from the flows trapped in the complex flow passage
lower than the returning blade that losses of fluid energy are remarkable. There is sufficient space for
the optimization of the plate geometry and the relative position between the rotor and the plates.
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Figure 6. Configuration of three auxiliary plates [32]. (a) Schematic view of complex auxiliary plates;
(b) Velocity distribution.

3.4. Plates Mounted both Upstream and Downstream

The rotor is a rotating component while the adjacent plates are stationary; it is perceivable that the
flow patterns near the Savonius rotor are determined by the two significantly different solid boundaries
jointly [33]. In some cases, the configuration of the plates is asymmetric with respect to the rotor
axis, which enhances the non-uniformity of flow parameter distributions near the rotor. As shown
in Figure 7a, the Savonius rotor is surrounded by four plate; two are straight type and the other two
include both straight and curved segments [34]. Here, numerical simulation was performed to describe
flow patterns near the rotor and the results are displayed in Figure 7b,c. Near the rotor blades, flow
deflection, gap flow, impinging flow and vortex flow are evidently displayed in Figure 7b. In this case,
the motivation of deploying the plates upstream of the rotor is to avoid the resistance to the returning
blade. It is noteworthy that with Plate C, a gap flow is formed between this plate and the convex side
of the advancing blade. Such a gap flow impinges the concave side of the returning blade, giving an
impetus to the counter-clockwise rotation of the rotor. Plate B is deployed downstream of the rotor,
with this plate, as the rotor rotates, there will always be a duct that assumes the similar function as that
implied in Figure 5. The pressure distribution near the rotor blades is shown in Figure 7c. The thrust
behind the counter-clockwise rotation of the rotor is remarkable, as attributes to the pressure difference
over the two sides of each rotor blade.

From another viewpoints, the introduction of multiple plates leads to an increase in the contact
area between the medium and the rotor [35]. Therefore, the medium is required to experience a long
energy-transformation process before it is finally relieved from the restriction of the rotor and plates.
Such a practice is in good accordance with general principles of fluid energy utilization. A practice
intended to accomplish the similar effect is to deploy end plates for the Savonius rotor. Such a practice
is particularly suitable for the twisted Savonius rotor, which is characterized by near-rotor flows along
the axial direction [36].
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Figure 7. Scheme of asymmetrically arranged auxiliary plates. (a) Sketch of the multiple-plate scheme [34];
(b) Streamlines; (c) Pressure distribution.

3.5. Rotor Performance Improvement with Upstream Flow Control

Apart from the torque coefficient described in Figure 3, the power coefficient can be used to assess
the performance of the Savonius rotor as well. Regarding practical applications, these two coefficients
are more detectable than flow parameters. Here, a comparison of rotor performance between Savonius
rotors with and without auxiliary device was implemented. The results are illustrated in Table 1, where
¢t denotes the torque coefficient, ¢, denotes the power coefficient and TSR represents the tip-speed
ratio. ‘w/’ represents the condition with auxiliary device; while ‘w /0" represents the condition
without auxiliary device. The data listed in Table 1 were obtained experimentally or numerically.
The experimental approach for acquiring rotor performance data is straightforward, while for the
numerically obtained torque and power coefficients, they were calculated through integrating static
pressure over the rotor blade surface.
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Table 1. Comparison of rotor performance between schemes with and without auxiliary device.

Reference Device ct(w/o) ct(w/) cp(wlo)  cp(wl) TSR
[26] curtain - - 0.16 0.38 0.4
[28] obstacle 0.23 0.33 0.17 0.25 0.8
[29] shield plate - - 0.24 0.48 1.4
[30] curtain 0.31 0.37 0.24 0.29 0.8
[32] deflector 0.20 0.53 0.19 0.52 1.0
[35] baffles - - 0.15 0.32 0.6
[37] deflector 0.15 0.23 0.13 0.21 0.9
[38] obstacle 0.23 0.33 0.18 0.26 0.8

Apparently, the rotor performance is universally improved by using the auxiliary device. As for
the case documented in [32], the power coefficient with the deflector is more than twice of the original
value. A considerable improvement of rotor performance is also found in the case studied in [29],
which is featured by the introduction of the shield plate. In this connection, apart from the auxiliary
device, there are other factors that influence rotor performance, such as rotor blade size, blade shape,
blade surface roughness and tip-speed ratio, any of them can outweigh the others in the contribution
to the torque or energy coefficient. A full consideration of all these factors is impractical in most
cases. Furthermore, flow characteristic is a reflection of the synthetic effect of these factors, thus it is
difficult to establish an optimization scheme towards improving the quality of the flow based on the
identification of the effect of any individual factor.

4. Configuration of Multiple Rotors

Fundamentally, more energy can be extracted from the nature with multiple Savonius rotors.
Nevertheless, inappropriate rotor arrangement might results in low rotor performance and even rotor
operation instability. In this case, the interaction among neighboring rotors is significant. A two-rotor
scheme proposed in [39] is shown in Figure 8. It is seen that the gap between two rotors is small,
and both rotors suffer from the influence of the gap flow. With the synchronous rotation of the two
rotors, the gap flow will take time-dependent form and affects the flow velocity distribution in the
circular rotor rotation region periodically.

w (m/s)

"we

Figure 8. The two-rotor scheme and corresponding flow pattern [39].

In the present study, another two-rotor scheme was suggested and the flow was numerically
treated; the flow velocity distribution is illustrated in Figure 9. The two rotors are identical and the
streamwise distance between the rotation axes of the two rotors is three times the rotor diameter. It can
be judged from local flow velocity distribution that the downstream rotor suffers from the influence of
the wake flow of the upstream rotor. It is evident that the flow patterns near the advancing blades of
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the two rotors are different. Thus far, the upstream flow faced by the downstream rotor can only be
visualized using numerical strategies and the shortage of experimental techniques is appreciable in the
presence of the rotor-rotor interaction.

——" Flow diW

12345867 891011121314 (m/s)

Figure 9. Flow velocity distribution near the upstream and downstream rotors.

To investigate the effect of the inter-rotor distance on the upstream flow of the downstream rotor,
the streamwise distance between two rotors shown in Figure 9 is enlarged to five times the rotor
diameter. Numerical simulation was performed for this configuration as well. Velocity distributions
over three horizontal lines evenly distributed between the two rotors are constructed and plotted
in Figure 10. The non-dimensional abscissas of 0 and 1 represent the two rotation region edges,
respectively, as marked in Figure 10. The imparity between the three velocity curves is remarkable
near the upstream rotor, as is related to the strong effect of the wake flow. Then the three curves
experience a fairly smooth stage, which signifies that the effect of the upstream rotor decays in
streamwise direction. Near the downstream rotor, obvious deviation between the three curves arises
again, and this is determined by the boundary effect and rotation of the downstream rotor. As for
the optimum inter-rotor distance, it is related to the tip-speed ratio and rotor geometry. Frequently,
turbulent fluctuations in this unique upstream flow should be considered, enabling an evaluation of
the reliability of the rotor and the operation stability of the whole unit.

> Flow direction

—— Linel,
—@— Line Iy,
—&— Line |,

(m/s)
N N o » ©
o o o W o
1 | —— 1.

6.5
6.0 o
5.5
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Streamwise velocity

4.5

40
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Non-dimensional distance from the upstream rotor

Figure 10. Velocity distributions between the upstream and downstream rotors.

As three or more rotors operates in the same field, the rotor-rotor interaction deserves a
consideration in both streamwise and transverse directions [40]. A representative is the triple-rotor
scheme, as shown in Figure 11. The three rotors, namely Rotors A, B and C, are positioned with fairly
uneven inter-rotor space. For the two downstream rotors, Rotors B and C, the upstream flows are
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different. Meanwhile, the interaction between the two downstream rotors is possible. In [41], velocity
distributions near the three rotors are presented, as displayed in Figure 11b. It is recognizable that
Rotor B is exempted from the influence of the wake-type upstream flow, but the upstream flow of
Rotor C is partially impressed by the wake flow of Rotor A. It should be pointed out that the rotation
directions of Rotors A and C are opposite. Thus vortices in the wake flow of Rotor A are beneficial
for the clockwise rotation of Rotor C, as can be envisaged based upon wake flow features of Rotor A,
which rotates in anti-clockwise direction.

Flow s S

. . Xe
direction C k Rotor C

¥

Rotor A
Y|

@ l"’/ s
Xp Rotor B

(b)

Figure 11. Scheme of three rotors and flow characteristic [41]. (a) Schematic view of the three-rotor
configuration; (b) Velocity distribution near the three rotors.

Provided that the Savonius rotors employed in the wind farm are equipped with three-dimensional
curved blades, the upstream flow situation encountered by the downstream rotor will bear clear spatial
non-uniformity along the direction parallel to the rotor axis. In the present study, three-dimension flows
for such a configuration were simulated, the result is illustrated in Figure 12.
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Figure 12. Three-dimensional streamlines near two Savonius rotors with curved blades.

As is evidently clear, the streamlines between the two rotors are considerably distorted.
In comparison, streamlines near the downstream rotor are more irregular, which can be traced to
the spatially non-uniform wake of the upstream rotor. A special feature of the Savonius rotor with
curved blades is the upstream flow will be trapped into the space between the two blades, then travels
along the blade passage, finally detaches from the confinement of the rotor. Therefore, the upstream
control strategies involving auxiliary curtains or plates cannot be applied directly in the curved-bladed
Savonius rotor.

Orderly arranged rotors, along with the flow velocity distribution, are displayed in Figure 13.
The configuration was reported in [42], and the numerical work was performed in the present study to
describe flow parameter distributions. From a global view, the near-rotor flow patterns are analogous
for the three rotors. The orientation of Rotor B is seemingly more beneficial relative to that of the other
two rotors. This can be inferred from the remarkable large-velocity area near the convex side of the
advancing blade. Therefore, the wake flow can be an effective upstream flow for rotor clusters on
the premise that the relative positions of the rotors are properly devised. In addition, the bulk flow
direction serves as another critical factor affecting flow characteristics of the multiple-rotor combination.
Variation in the bulk flow direction causes an alteration of the relative streamwise position between the
upstream and downstream rotors. Consequently, the performance of the downstream rotor undergoes
a change accordingly. Thus far, the largest number of Savonius rotors constituting a wind farm was
reported in [43], where 27 Savonius wind turbines were considered. In this case, a full consideration
of the interaction between neighboring rotors at the initial stage of the rotor arrangement design
is necessitated.

0123458678 9101112 (m/s)

Figure 13. Three-rotor scheme and corresponding velocity distributions.
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5. Upstream Flow in Tunnels and Pipes

5.1. Upstream Flow in Tunnels

In some occasions, the validation of the upstream flow control strategy can be implemented via
experiments. Thus far, the wind tunnel and water tunnel are two prevalent experimental facilities
for testing the Savonius rotor [44,45]. Nevertheless, the overwhelming majority of published studies
focus on the operation performance of the rotor instead of flow details, although flow visualization
or measurement can be realized with these facilities. For the wind tunnel, it can operate in open or
closed manner, and the tested Savonius rotor can be installed in the test segment or exposed to ambient
air. While for the water tunnel, the rotor has to be fixed in the test segment. To attain high upstream
flow velocity, the cross-sectional area of the test segment is minimized. Thus the influence of the
solid wall of the test segment turns to be non-negligible [46]. From the perspective of fluid dynamics,
the upstream flow of the tested rotor is dominated by the boundary layer effect and deviates from
phenomenally the assumption of infinite flow domain [47].

In the present study, a Savonius rotor was installed in the test segment of a water tunnel, as shown in
Figure 14. The side walls of the test segment are made of plexiglass, enabling non-intrusive measurement
or visualization of flows in the test section. Generally, two-dimensional Savonius rotor models are suitable
for flow measurement. With the twisted Savonius rotor, the velocity component in transverse direction
would disturb the data acquisition on the monitored plane.

Figure 14. Savonius rotor installed in the test section of a water tunnel.

Here, the flow upstream of the Savonius rotor was measured using PIV and cross-sectional
velocity distributions with various velocity magnitudes are plotted in Figure 15. It is seen that the
velocity distribution over the middle part of the monitored cross section is rather smooth, as is common
for various upstream flow velocities. Near the two side walls of the test segment, velocity drops sharply
towards the wall. Therefore, it is desirable that the tested Savonius rotor is mounted in the uniform
portion of the upstream flow.
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Figure 15. Cross-sectional upstream flow velocity distributions in the test section of a water tunnel:

(a) cross-section dimensions of the test segment; (b) velocity distributions at different upstream
velocity magnitudes.
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The test section geometry imposes a significant influence on upstream flow. It is reported in [48]
that a convergent flow passage is deployed upstream of a Savonius rotor. In [49], the geometry of the
flow passages upstream of the Savonius rotor is specifically designed. One of the major functions of
the test section is to provide uniform and stable upstream flow for the Savonius rotor. Except flow
velocity distributions shown in Figure 15, turbulent intensity is another index of evaluating upstream
flow quality in the water or wind tunnel. This is related to the fact that turbulent fluctuations are
important in determining the performance of the rotor [50]. In addition, with existing experimental
facilities and apparatus, static pressure distribution near the rotor cannot be obtained [51].

5.2. Upstream Flow in the Pipe

Pipe flows are ubiquitous and time-averaged velocity distributions in the pipe have been well
understood. The Savonius rotor could extract the kinetic energy from flowing water in pipes [52].
Under such a condition, velocity profiles upstream of the Savonius rotor can be given. Nevertheless,
with the participation of the Savonius rotor, the characteristic resistance curve of the pipe system is
altered, which will affect the operation of other components of the system. Furthermore, installing a
small rotor inside a large pipe is desirable. In one aspect, the effects of the rotor to the whole system
are relieved; in the other aspect, the effects of the pipe wall on the upstream flow would be attenuated
as well.

A scheme with a Savonius rotor installed in a pipe was reported in [53]. The uniqueness of
such a scheme lies in that a semi-circular shield was used to shield half of the rotor, as shown in
Figure 16a. In the present study, numerical simulation was carried out to describe flow patterns
associated with such a scheme. The flow velocity distribution obtained numerically is displayed
in Figure 16b. With such a baffle, the negative influence of the upstream flow on the anticlockwise
rotation of the rotor is alleviated considerably. Meanwhile, a high-velocity zone is seen on the upper
side of the baffle. This is due to the minimizing of the flow area between the pipe wall and the convex
surface of the baffle. The rotor is equipped with five blades, enlarging the contact area between the
rotor and fluid. The role played by the shield shown in Figure 16 is similar to that assumed by the
curtains and the deflector, which are indicated in Figures 2 and 4. Similar concept has been advised
in [54], where proof was presented to support the improvement of the rotor performance due to
partially blocked upstream flow as the bulk flow was confined in a duct.

Shield

| n )

0.1 0.3 05 0.7 09 1.1 1.3 15 1.7 1.9 21 2.3 (m/s)

(@) (b)

Figure 16. Savonius rotor and the semi-circular shield in the pipe: (a) schematic view [53]; (b) cross-sectional
velocity distribution.

Flows in the pipe or duct are relatively coherent; therefore the energy concentration is high,
which improves the kinetic energy utilization rate of the Savonius rotor. It has been proved in [55]
that the Savonius rotor in the test section of a tunnel possesses a high torque coefficient. In practice,
the investigation of flow characteristics for the Savonius rotor operating under such conditions has
been conducted overwhelmingly using numerical simulation. Regarding the setting of boundary
conditions, the wall effects must be given a full consideration [56,57]. Any deviation from the
physical truth might give rise to spurious results. Additionally, it is necessary that the power-law
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upstream velocity profile is accurately imposed on the computational domain as a velocity inlet
boundary condition.

During the operation of the rotor, the rotation angle of the rotor varies periodically, the flow
between the rotor and the wall of the tunnel or pipe exhibits significantly different patterns [58].
As the Savonius rotor is placed in a duct with streamwise convergent geometry, along with the unique
feature of the flow field, the maximum fluid load exerted on the rotor is high relative to that obtained
under common operation conditions [59]. Furthermore, as the rotational speed of the rotor increases,
the oscillation of the wake flow downstream of the rotor is intensified. Consequently, the vibration of
the pipe or the duct due to flow excitation deserves a careful inspection.

6. Wavy Upstream Flow

The exploitation of the tidal energy is facilitated with the application of the Savonius rotor, as has
been substantiated in recent years [60]. Meanwhile, water waves provide an advantageous operation
condition for the so-called hydraulic Savonius rotor. The Savonius rotor outweighs other rotors in the
magnitude of power output, as in inseparable from its large blade surface area. Both experimental
and numerical techniques have been attempted to imitate the tidal energy utilization environment.
Therefore, the understanding of such a fairly new application of the Savonius rotor has been constantly
deepened. The method of producing wavy upstream flow is crucial for investigating the performance
or flow characteristics of the Savonius rotor used to absorb the wave energy. In [61], a wave generator
is deployed upstream of the Savonius rotor, while in [62], a wave flume assumes the similar role.
Alternatively, numerical simulation can produce the oscillating upstream flow [63]. In comparison,
numerical techniques are flexible in controlling the amplitude and the frequency of the virtually
generated wave.

In the present study, numerical techniques were used to produce the wavy upstream flow for
a Savonius rotor. Based on the numerical results, five consecutive upstream flow patterns were
constructed, as displayed in Figure 17. Here, T represents a reference moment. It is seen that the
upstream flows at different moments exhibit various patterns. The effects of the wavy upstream flow
structure are spread over a large portion of the flow surrounding the Savonius rotor. The Savonius
rotor is exposed to an exceedingly unstable environment. It is inferable that the time-dependent power
output of the rotor is influenced by the wavy characteristics as well. In this context, the design of such
a Savonius rotor should consider multiple factors besides flow parameters, such as blade material,
structural strength, even the risk of vibration should be taken into account in some cases [64]. Provided
that the rotor is permitted to float in the liquid medium, the correlation between rotor displacement,
rotor rotation and wavy upstream flow necessities a synthetic investigation. Regarding the kinetic
energy utilization in off-shore regions, the hydraulic Savonius rotor is sometimes immersed partially
in water during the operation. In this case, the upstream flow of the rotor is subject to the influence of
not only flow structures beneath the free surface but also the wavy free surface itself [65]. Therefore
the numerical treatment must employ multiphase numerical models such as the volume of fluid
(VOF) model in conjunction with turbulent models to depict the unsteady fluctuations fostered in the
upstream flow. At present, the understanding of such a subject is still inadequate.

Figure 17. Cont.
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Figure 17. Time-dependent velocity distributions in wavy flows near a Savonius rotor. (a) To; (b) To + 0.25 s;
() To+05s;(d) To +0.75s; (e) Tyg + 1.0 s.

7. Concluding Remarks

Various upstream flows for the Savonius rotor are presented and analyzed in the present study.
Flow characteristics are described and the factors influencing the flow patterns are explained, which
deepens the understanding of the principles underlying the upstream flow control methods. Major
conclusions of the study are as follows.

(1) Diverse upstream flow patterns have been witnessed in the studies of the Savonius rotor.
Although there is no established research branch for the upstream flow control, the importance
of the upstream flow for the rotor performance is acknowledged. Flow characteristics serve
as a bridge between the upstream flow and the rotor performance, which is substantiated in
this review.

(2) Apart from relevant studies documented in published literature, an extension of the upstream
flow is attained. Experimental and numerical techniques are employed to explain the effects of the
upstream flow. Both air and water are used to drive the rotation of the Savonius rotor. Pipe flow
and wave are demonstrated as distinct upstream flows for the application of the Savonius rotor.

(3) The validation of the upstream flow control strategies is accomplished via numerical simulation;
more specifically, the output torque and power coefficient of the Savonius rotor can be calculated
based on numerically obtained static pressure distributions over rotor blades. This facilitates the
development of more effective measures of upstream flow control for the Savonius rotor.
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