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Abstract

Global energy production is shifting towards more distributed technologies,

where power generation takes place close to people. A vaned Savonius wind

turbine is one of the possible solutions, which can fulfil the requirements of

being simultaneously reliable, safe and non-disturbing. One challenge is that

when the size of the turbine becomes smaller and the wind velocity is low, the

Reynolds number effects begin to deteriorate the performance. Public literature

lacks detailed information about how the turbine performance and internal flows

change in these conditions. In this work, a vaned Savonius turbine is tested in a

wind tunnel with seven Reynolds numbers and several tip-to-speed ratios. The

measurements include both the turbine performance and the static pressures

inside the vane passages. All experiments are also conducted separately for the

stator only configuration to evaluate the effects of stator-rotor interaction. The

main results are: (1) a new Reynolds number-dependent performance predic-

tion correlation is developed with an achievable accuracy of ±5%, (2) Savonius

turbine power coefficient follows the trend of kinetic compressors relatively well

and due to the changing Reynolds number, an over 20% drop in vaned turbine

performance can be observed, (3) the Reynolds number affects performance

through friction and flow separations, but the vane passage pressure distribu-
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tions are not affected and (4) tip-to-speed ratio affects the vane passage pressure

distribution via stator-rotor interaction. It is also suggested that the nominal

tip-to-speed ratio should be kept relatively low in the design phase to minimise

the negative effects of stator-rotor interaction.

Keywords: Savonius rotor, wind turbine, renewable energy, Reynolds number,

off-design

Nomenclature

A: rotor swept area [m2]

c: vane chord [m]

CP : power coefficient [-]

CP , ref : power coefficient at data sets’ maximum Reynolds number [-]

D: rotor diameter [m]

n: constant in Reynolds number effect equation [-]

∆p: relative pressure [Pa]

R: rotor radius [m]

Re: Reynolds number [-]

T : torque [Nm]

V : velocity [m/s]

Vx: axial velocity [m/s]

V∞: free-stream velocity [m/s]

δ: boundary layer thickness [m]

ρ: density [kg/m3]

λ: tip-to-speed ratio [-]

µ: dynamic viscosity [Pa s]

ω: angular speed [rad/s]

Abbreviations

HAWT: horizontal axis wind turbine

VAWT: vertical axis wind turbine
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1. Introduction

Savonius wind turbines offer an alternative for sustainable urban energy

production in the ongoing energy transition process, having relatively low noise

emission compared to H-rotor and horizontal axis wind turbines (HAWTs). This

behaviour is connected to the lower tip-to-speed ratio, which is further directly

proportional to the emitted sound pressure level. In addition, the lower sensi-

tivity for highly transient urban wind conditions of vertical axis wind turbines

(VAWTs) favour their use over HAWTs, for example, in densely built urban

areas.

There are three reported benefits that a vane system around a Savonius

turbine can produce: the first is that the possible flicker-caused annoyance is

expected to decrease, the second is the improved self-starting capability and

the third is the improved performance. The lower flicker-related annoyance

is explained by restricting or closing visual access to the rotating blade, as

discussed by Grönman et al. [1]. The improved self-starting capability is related

to the flow accelerating effects of the vane ring or shielding the returning blade.

Mohamed et al. [2] reported that a self start was enabled at any rotor position

for their obstacle-shielded Savonius turbine. By adding an omnidirectional guide

vane, the 7.35 m/s self-start wind speed of an H-rotor was reduced to 4 m/s in

a study by Chong et al. [3]. In their work related to a Sistan turbine, Chong

et al. [4] reported that the power augmentation guide vanes enabled rotor self-

starting.

The performance improvement, on the other hand, is related to guiding the

flow to the advancing blade and simultaneously keeping the flow away from the

returning blade. This means that more kinetic energy is available for producing

positive power and less when producing negative power. In addition, the study

by Grönman et al. [1] suggested that the circulating flow system inside the vane

ring can be beneficial from the rotor’s performance point of view. Alexander

and Holownia [5] were the first to show that flat plate shielding can improve

the performance of a Savonius turbine. Later, a similar finding was made by
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Mohamed et al. [2] by using obstacle shielding. A study by Shahizare et al. [6],

showed that with an optimal vane design, the performance of an H-rotor can be

improved. Also, Nobile et al. [7] predicted that the performance of an H-rotor

is improved with a vane system. Positive turbine performance changes were

also found by Tartuferi et al. [8] in their experimental study for a self-orienting

curtain system. Similar results are presented by Altan and Atilgan [9] for an

upstream shielded Savonius turbine. In addition, a study by Irabu and Roy [10]

reported a positive influence on the performance when a guide box was used.

In a numerical and experimental study, Korprasertsak and Leephakpreeda [11]

found that adding a symmetric guide vane ring around a two-bladed Savonius

rotor improves its power coefficient significantly. Yet it should be noted that

the performance improvement can sometimes only occur in a small number of

the tip-to-speed ratio values tested, as was the case with Hayashi et al. [12].

This emphasises the importance of the design process and matching the vane

and rotor for different operating conditions. Recently, Chong et al. [13] tested

an upstream deflector in a cross-axis wind turbine that consisted of both an H-

type rotor and of horizontal blades. They were able to improve the performance

over a VAWT and showed the significance of the deflector angle for the overall

performance.

Despite its benefits, a downstream vane ring can negatively influence the

rotor airflow flow as was discussed by Takao et al. [14]. Later, Grönman et al.

[1] also discussed how a vane ring without a geometrical throat should reduce

its negative effect on the exiting flow. They also discussed how the increased

physical size of the turbine can be a challenge in places where the size is a

decisive factor.

In addition to a vane ring or different obstacle-shielding approaches, the

Reynolds number (Re) can have a dramatic influence on the performance of ro-

tating machinery. For example, in gas turbine technology, the advent of micro

gas turbines is partly hindered by the relatively low performance of the turbo-

machinery components due to the Reynolds number-related losses. In terms of

power, Galanti and Massardo [15] suggested that the drop in performance ac-
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celerates when the gas turbine’s nominal power goes below approximately 100

kW. It has also been shown that the performance of a kinetic compressor de-

creases drastically after passing the critical chord Reynolds number of 200 000

[16] (referred to as the low Reynolds number area). The Reynolds number can

be affected by operating conditions or by the changes in the machine’s charac-

teristic dimensions. However, the influence of the Reynolds number variation

method does not influence the observed performance trends except in those cases

where the relative clearances need to be changed due to manufacturing limits,

as discussed by Tiainen et al. [17]. From the fluid dynamic point of view, the

main loss mechanism, which is affected while the Reynolds number changes, is

the boundary layer loss [18], indicating that the role of the wetted area becomes

important. Also of paramount importance is the finding that the relative signifi-

gance of the vortical flow structures do not change while the Reynolds number

varies.

Several researchers have shown the general trend that a decreasing Reynolds

number has a detrimental influence on vaneless Savonius turbine performance;

however, a detailed analysis that examines the effect of different Reynolds num-

ber levels is still missing. From the flow phenomena point of view, it has also

been discussed how the Reynolds number affects the flow separation in the rotor

buckets by causing earlier separation from the back side of the bucket when the

Reynolds number decreases [19]. A review article by Akwa et al. [20] presented

how the torque coefficient of a Savonius turbine decreases over a variety of tip-

to-speed ratios as the Reynolds number decreased. Similar results were also

presented by Hayashi et al. [12] when they performed experimental research

on one- and three-stage Savonius turbines. Mostly similar results were also re-

ported by Blackwell et al. [19] for the different Savonius rotors tested. Al-Faruk

and Sharifian [21] presented the maximum power coefficient for four Reynolds

numbers for their swirling two-bladed Savonius turbine, showing an accelerating

trend towards a steeper drop in performance as the Reynolds number decreases.

In a study of Roy and Saha [22], several different Savonius turbines were tested.

Their results indicated that the maximum power coefficient increases from Re
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= 150 000 to Re = 120 000 but decreases when the Re < 120 000. Kamoji

et al. [23] examined the performance of a helical Savonius turbine with 57 700

≤ Re ≤ 202 000, and their results showed that the maximum power coefficient

decreases as the Reynolds number decreases. The observed general trend was

also similar over a wide range of tip-to-speed ratios. In another study, Kamoji

et al. [24] experimentally studied a modified two-bladed Savonius rotor, and

they found that the peak power coefficient decreases when the Reynolds num-

ber decreases to the range 80 000 ≤ Re ≤ 150 000. Also, Mercado-Colmenero

et al. [25] concluded that the maximum power coefficient increases with an

increasing Reynolds number for different tested Savonius rotors. In addition,

their results suggested that the position of maximum power coefficient moves

towards a higher tip-to-speed ratio when the Reynolds number increases. Wang

and Yeung [26] discussed how the Reynolds number effect might be minimal for

drag-based turbines, which make them suitable for micro-scale energy produc-

tion. However, they were not able to identify the cause of their finding. Han

et al. [27] investigated several miniature 3D-printed Savonius turbines with the

maximum electrical power of 0.305 W. In terms of energy conversion efficiency,

a decreasing Reynolds number did not always lead to lower performance. This

phenomenon could be, for example, partly due to the changing tip-to-speed ra-

tio during the measurements. In another study by Zhao and Han [28], it was

also noticed that the turbine orientation affected its performance at different

Reynolds numbers.

The previous work by the authors [1] revealed the fundamental fluid dynamic

behaviour in a vaned Savonius turbine and included detailed experimental and

numerical analysis using one Reynolds number and tip-to-speed ratio. To the

authors’ knowledge, the work conducted by Burlando et al. [29] is the only

other study that presents static pressure measurements inside a Savonius turbine

stator. However, in their work, there is no experimental data for a case where

the rotor is also included.

From the presented background, it is noticeable that the Reynolds number

plays a significant role in turbine performance, but its role has not yet been
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examined in detail in the case of a vaned Savonius turbine. In addition, the

understanding about the internal flow phenomena and their importance from

performance and design points of view are not well covered either. The avail-

ability of experimental data is also very limited. Therefore, this work aims to

fill the mentioned research gaps and pushes the research in vaned Savonius tur-

bines a step forward. So far, the most complete analysis of this turbine type’s

performance and internal flow phenomena in different operating conditions is

presented. It provides new experimental data with seven Reynolds numbers and

several tip-to-speed ratios. The results are presented both with and without the

stator-rotor interaction, which means that the research has applicability also

in other rotor designs. In addition, the effects of the Reynolds number on the

performance of different Savonius turbines are analysed in detail in order to

extend the analysis. The key novelties of the current study are as follows:

1. A new Reynolds number-dependent correlation for vaned Savonius turbine

performance prediction is developed.

2. The role of the Reynolds number is revealed for a vaned Savonius turbine

from performance and stator-rotor interaction points of view.

3. The role of tip-to-speed ratio is revealed for a vaned Savonius turbine from

performance and stator-rotor interaction points of view.

4. Design recommendations are presented for improved designs.

The article is constructed so that after presenting the turbine design and

experimental setup in Section 2, the turbine performance is examined in the

beginning of Section 3.1. At the end of the Section 3.1, the general effects of the

Reynolds number on the normalised power coefficient are evaluated with other

available designs. In Section 3.2, a new correlation for calculating the torque

coefficient for a vaned Savonius turbine is presented and validated. The next

Section, 3.3, presents how the static pressure distributions are affected by the

Reynolds number and tip-to-speed ratio, both with and without the rotor. In

Section 4, conclusions and summary of the key findings are presented.
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2. The experimental setup

In the experimental campaign, a vaned three-bladed Savonius turbine was

used. Additive manufacturing was used to produce the stator vanes and the

rotor blades from polyactid. The rotor has an open centre section, and the

vanes do not have a geometrical throat which would restrict the flow. The main

vane design principle was that the vanes should guide the flow to the advancing

blade, and they should simulataneously limit the flow that interacts with the

returning blade. A more detailed description of the turbines’ design principles

is given by Grönman et al. [1]. The main design parameters are presented in

Table 1, and a schematic two-dimensional top view of the turbine is shown in

Fig. 1, which also presents the approximate static pressure tapping locations at

the bottom of the vane passages.

Table 1: The main turbine design parameters.

Vane outer diameter [m] 0.750 Vane inner diameter [m] 0.594

Rotor outer diameter [m] 0.580 Rotor centre diameter [m] 0.203

Vane height [m] 0.326 Rotor blade height [m] 0.300

Vane aspect ratio (h/c) [-] 2.47 Rotor aspect ratio (h/d) [-] 0.52

Number of stator vanes [-] 16 Number of rotor blades [-] 3

Solidity [-] 0.88 Reynolds number [-] 910 100

A closed-loop, Göttingen-type wind tunnel [30] was used in the experiments.

The hexagonal test section has an area of 3.67 m2 and a length of 4.41 m with 2

m maximum height and width, respectively. The intensity of turbulence is below

0.19%. In Fig. 2, the turbine is shown installed during the tests, and compared

to the test sections’ cross-sectional area, its projection causes a blockage of 6.7%.

Since the turbine is not located vertically at the centre of the test section, the

previous study by Grönman et al. [1] examined the influence of the turbine’s
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Figure 1: A schematic presentation of static pressure tapping positions. See Appendix 1 in

Grönman et al. [1] for exact tapping locations.

vertical location on the results and found that its effect is insignificant.

Seven Reynolds numbers were measured in the range 221 600 ≤ Re ≤ 886

300, while the tip-to-speed ratio was measured in the range 0.39 ≤ λ ≤ 0.94.

All cases were measured both with the stator only, and with the stator and the

rotor included simultaneously in order to isolate the influence of stator-rotor

interaction from the results. During the experiments, the turbine rotational

speed was varied by increasing the load from the generator, while keeping the

flow velocity and Reynolds number constant for each measured performance

curve.

Calibrated pressure and temperature measurements were used in the experi-

mental campaign. The flow velocity was measured in the wind tunnel by a pitot

tube, which had a maximum error of ±1%. A thermocouple with an accuracy

of ±1 K was used to measure the air temperature before the test section in a
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Figure 2: The studied turbine during the experiments in the wind tunnel [1].

settling chamber. The pressure measurent accuracy at the settling chamber was

estimated to be ±10 Pa. Figure 1 shows the approximate positions of the 16

pressure tappings that were installed in the bottom plate of vane passages; the

accurate tapping positions are presented by Grönman et al. [1]. These mea-

surements were conducted with a 16-channel differential pressure sensor at a 10

Hz frequency for each operating point, for 60 seconds, with an error estimate of

±10 Pa.

A calibrated torque sensor NCTE2000-5NM was installed next to the gen-

erator, below the turbine, with an estimated error of ±1%. The generator

frequency was used to calculate the rotor speed with an accuracy of ±24 rpm,

which follows the estimate of Grönman et al. [31].

The turbine performance data is presented with four non-dimensional pa-

rameters: the tip-to-speed ratio, power coefficient, torque coefficient and the

Reynolds number. In addition, in order to include the effects of the wind tun-

nel, the correction method of Alexander and Holownia [5] is utilised. The tip-to-

speed ratio λ is defined based on the measured angular velocity ω, rotor radius
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R and the free stream velocity V∞ as follows

λ =
ωR

V∞
, (1)

whereas the measured torque T is used in the calculation of the power coefficient

CP =
Tω

0.5ρAV 3
∞
. (2)

and the torque coefficient defined as

CT =
T

0.5ρARV 2
∞
. (3)

The Reynolds number is calculated based on the rotor diameter D in order

to be able to compare it directly with the non-vaned designs as follows:

Re =
ρV∞D

µ
. (4)

The error of CP is ±3.2% and the error of CT is ±2.3%. The parameter

CT /Re
0.27 is explained in section 3.2, and it has an error of ±2.3%.

3. Results

3.1. Turbine performance

As has been previously discussed, the change in a Reynolds number affects

the performance of the rotating machine. Figures 3 (a) and (b) show that the

turbine operating curve is shifted towards lower power and torque coefficients

when the Reynolds number decreases. The results also give a possible, but very

weak, indication that when the Reynolds number decreases, the peak in the

power coefficient curve could be reached at a higher tip-to-speed ratio. This

suggestion is made since, in general, the CP curves seem to start bending from

a linear curve shape with higher tip-to-speed ratios when the Reynolds number

decreases. If this phenomenon proves true, it can be explained by the relatively

weaker stator-rotor interaction at low Reynolds numbers, which means that

the vanes accelerate the flow relatively more when the rotor rotates at lower
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speed. The suggested trend is opposite to what Mercado-Colmenero et al. [25]

found for different vaneless Savonius designs. Therefore, more data should be

available in order to be able to draw conclusions. In comparison with other

existing research, the peak power coefficient value was found at λ = 0.48 by

Pope et al. [32] for the no-tab nine-vane and five-rotor blade Zephyr turbine,

which is considered to be closest to the one examined here geometry-wise. In

terms of measurement error, the observed CP differences at different Reynolds

numbers are generally larger than the calculated uncertainty.
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Figure 3: The effect of Reynolds number on power coefficient (a) and torque coefficient (b).

The effect of the Reynolds number on the Savonius turbine power coefficient

seems to roughly follow the curve shape of kinetic compressor efficiency, as pre-

sented in Fig. 4 for qualitative comparison. However, the critical value for the

low Reynolds number area cannot be determined with the available data. The

presented data is normalised separately for each data set by its power coefficient

at the maximum Reynolds number. The prediction is made by the method of

Dietmann and Casey [16], which uses the flat plate assumption. Quantitavely, it

is noticeable that for the vaned Savonius turbines, the Reynolds number change

can cause a more than 20% drop in power coefficient. In general, the similar

curve shapes can be explained by the important role of increasing boundary

layer thickness as a function of a decreasing Reynolds number. Although the
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Figure 4: The effect of the Reynolds number on the normalised power coefficient with different

Savonius designs. For comparison, a predicted curve shape is presented for a centrifugal

compressor’s relative efficiency change using the method of Dietmann and Casey [16]. Also,

a curve is presented for correlation with the work of Kamoji et al. [24] where λ = 0.6.

secondary flow structures may change between different turbines, the fundamen-

tal cause for the performance degradation is the changes in viscous boundary

layer losses, as discussed by Tiainen et al. [18].

3.2. Torque coefficient correlation

In this section, an approach similar to the one presented first by Kamoji

et al. [24] and later by Mercado-Colmenero et al. [25] for vaneless Savonius

turbines is chosen in order to develop a correletion between torque coefficient

and tip-to-speed ratio for the current vaned Savonius turbine. Rotorwise, the

main difference to those presented by Kamoji et al. and Mercado-Colmenero

et al. is that the current rotor has three blades, and the rotor has a constant

radius. On the other hand, the role of the stator-rotor-stator interaction plays

a certain role in the flow physics. In addition, the Reynolds number is clearly

higher in this work for all the cases. In their work, Kamoji et al. [24] found a

nearly linear dependence between CT /Re
0.3 in the following form:

CT

Re0.3
= −0.0107λ+ 0.0149 (5)

when λ ≥ 0.6 and 77 600 ≤ Re ≤ 155 000. Later, Mercado-Colmenero et al. [25]

also found a similar general dependency of CT /Re
n for three different twisted
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and vertically varying diameter Savonius rotors. Of their results, one was linear

and two others followed a second-order polynomial shape. The constant n was

0.3 for two rotors and 1.5 for one rotor.

By using the CT /Re
0.3 dependency as the initial condition, a new correlation

was developed for a vaned Savonius turbine by maximising the coefficient of

determination. The following formulation was found to yield a coefficient of the

determination value of 0.994:

CT

Re0.27
= 0.0231λ2 − 0.0459λ+ 0.0235, (6)

when 0.39 ≤ λ ≤ 0.94 and 221 600 ≤ Re ≤ 886 300. Figure 5 (a) compares the

prediction with the experimental data and shows that the majority of the data

lies between the ±5% error curves, which is considered as a good validation for

the model’s accuracy. The most notable phenomenon is that the curve shape is

not linear, as it was with the modified vaneless Savonius of Kamoji et al. [24];

instead, the curve follows a second-order polynomial shape, such as that found

in the study by Mercado-Colmenero et al. [25]. The presented correlation is also

capable of capturing the experimental performance with good accuracy. Figure

5 (b) compares the experimental data with the predicted power coefficients,

where the curves are extrapolated until λ = 0.2 with dashed lines. Except for

the one outlier at Re=221 600, the model prediction follows the experimental

data reasonably well, and suggests that the prediction is valid for the examined

Reynolds number range.

Two reasons for the differences in the observed correlation curve shape are

considered. The first is the operational Reynolds number and the other is the

interaction between the vane ring and the rotor. Since the results of Kamoji et

al. [24] and Mercado-Colmenero et al. [25] were valid for lower Reynolds num-

bers than the current study examined and different correlation curve shapes

were noticed, the Reynolds number does not explain the differences in the lower

Reynolds numbers. In order to have a broader overview, the analysis was ex-

tended into higher Reynolds numbers by analysing the experimental data of
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Figure 5: The validation of the new correlation in Eq. 6 (a) and the validation of the power

coefficient prediction (b). The dashed lines are extrapolated values outside the validity region.

Blackwell et al. [19]. Two sets of measurements were chosen: one with three

rotor blades and the other with two rotor blades, with both rotors examined

in a range of 432 000 ≤ Re ≤ 867 000. The linear behaviour of CT /Re
n was

found for both the cases with three blades with 0.36 ≤ λ ≤ 1.40 and for two

blades with 0.44 ≤ λ ≤ 1.42, for n = 0.13 and n = 0.10 respectively. These

correlations, Eq. 6 and the different correlation curve shapes found at lower

Reynolds numbers, are considered clear indications that the Reynolds number

level does not explain the observed curve shapes. From the study of Mercado-

Colmenero et al. [25], it can be found that the non-linear behaviour of the

curve fits and weaker vortex structures and weaker low velocity areas take place

simulataneously. Therefore, it is suggested that the stator-rotor interaction and

its influence on the flow separations and vortical structures could be the root

cause for the observed non-linear trend seen in Fig. 5 (a).

3.3. Static pressure distributions

3.3.1. The effect of the Reynolds number

Stator-rotor interaction has an important role in the static pressure distri-

butions at different Reynolds numbers, as presented in Figs. 6, 7 and 8. These

results are presented for tip-to-speed ratio values in the range 0.53 ≤ λ ≤ 0.56,
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but similar results are also observed in the range 0.47 ≤ λ ≤ 0.49. The inclu-

sion of the rotor causes differences in the vane passage pressure distributions

by increasing the pressures in general upstream from the rotor, especially at

the passage exit and in the middle, due to back pressure caused by the pass-

ing rotor. In general, the absolute changes in pressure values are greater when

the Reynolds number increases due to stronger stator-rotor interaction, but the

trends remain similar, although, especially at the lowest Reynolds number, the

differences are inside the experimental error.

At the more unsteady part of the vane ring downstream of the rotor, the

trends of the pressure distributions change when the stator-rotor interaction is

included in the analysis. Similarily with the upstream results, the trends are

again comparable, although the absolute values change more when the Reynolds

number increases. The observed change in the trends indicates change of the

exit flow paths towards the upper rear part of the vane ring (measurement points

11-13) when the rotor is included. The reason for the decreasing downstream

pressure levels while the Reynolds number increases is expected to be due to

the lower base pressure in the vane ring wake, which also allows the flow in the

upstream vane passages to expand into lower pressure.
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Figure 6: The effect of stator-rotor interaction on relative static pressure at the upstream

measurement points (a) and downstream measurement points (b). The operating Reynolds

number is 221 600 and the tip-to-speed ratio is 0.53.
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Figure 7: The effect of stator-rotor interaction on relative static pressure at the upstream

measurement points (a) and downstream measurement points (b). The operating Reynolds

number is 443 200 and the tip-to-speed ratio is 0.55.
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Figure 8: The effect of stator-rotor interaction on relative static pressure at the upstream

measurement points (a) and downstream measurement points (b). The operating Reynolds

number is 886 300 and the tip-to-speed ratio is 0.56.

In terms of relative changes, the stator-rotor interaction seems to play a

greater role than the Reynolds number. Figures 9 and 10 illustrate the effects

of the Reynolds number and stator-rotor interaction on the relative velocity

change at the upstream and downstream parts of the turbine. It can be observed

that with the rotor inlcuded, the upstream measurements show differences in
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the passages where the flow is accelerated (measurement points 3-10). It is

worth noting that the differences are inside the error bars; however, the previous

analysis of Figs. 6-8 showed that the trends are systematic at all Reynolds

numbers. These noticed differences are due to the interaction between the stator

and the rotor, whereas without the rotor, when the Reynolds number is the main

difference between the cases, the velocity changes are practically identical.

At the downstream side of the turbine (shown in Fig. 10), where the inter-

actions with the upstream flow make it more challenging to isolate the Reynolds

number-related phenomena, there are no clear trends when the rotor is included,

but without the rotor, the Reynolds number change seems to affect the distribu-

tion, especially when the lowest measured Reynolds number case is considered.

No specific reason for this observed behavior was found, but it could be due to

the non-linear dependence of the drag caused by the vane ring and the Reynolds

number, which is typical for different obstacles in the flow.

Previous paragraphs discussed that the role of the Reynolds number is

smaller than the role of the tip-to-speed ratio when the vane ring performance

is examined. It is known that the decrease in the Reynolds number increases

the boundary layer thickness and thus affects the effective flow area in vane pas-

sages, and through the continuity equation, the flow velocity is affected. Also,

the state of the boundary layer (laminar or turbulent) influences its thickness

dramatically. In order to get more insight into the role of the boundary layer,

the following simplified boundary layer thickness δ analysis was performed with

the laminar flat plate assumption of Schlichting [33] as follows:

δ =
5.0c√
Re

, (7)

where the Reynolds number is defined based on the vane chord c. The laminar

boundary layer thickness estimation is justified, since the vane chord Reynolds

numbers vary approximately between 50 000 and 200 000, which are mostly

below the flat plates’ critical limit of 200 000. In addition, the inlet turbulence

intensity is very low during the measurements, which delays the boundary layer
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transition process. As a result of the analysis, it was found that the theoretically

estimated boundary layer thickness is approximately doubled for a single vane

passage (the difference between the minimum and maximum Reynolds num-

bers). In a theoretical closed system, this difference would increase the flow

velocity by approximately 5-6%. However, in the studied open flow system this

change causes a slightly higher pressure loss, which means that less mass flow

goes through the turbine. Therefore, the overall thicker boundary layers in vane

and rotor surfaces are seen in decreased performance due to increased viscous

losses in Fig. 3 (a) and (b), as was previously discussed.
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Figure 9: Velocity change relative to the free-stream value at the upstream part of the turbine

with the stator-rotor interaction (a) and with the stator only (b).

3.3.2. The effect of the tip-to-speed ratio

With varying tip-to-speed ratios, the stator-rotor interaction generally has

a different effect on the flow field depending on if the analysis is made on the

upstream or downstream side of the vane ring. In Fig. 11 (a) to (d), the

pressure distributions in accelerating vane passages approach those without the

rotor when the operating point moves towards lower tip-to-speed ratios due to

weaker interaction between the stationary and the rotational parts. The only

difference is that at the lowest Reynolds number, the point where the maximum

power coefficient is first reached (λ = 0.47), the pressure distribution is also

19



(a)

11 12 13 14 15 16
140

145

150

155

160

165

170

175

180

Measurement point

V
/V

∞
 [

%
]

 

 

Re = 886 300
Re = 443 200
Re = 221 600

(b)

Figure 10: Velocity change relative to free-stream value at the downstream part of the turbine

with the stator-rotor interaction (a) and with the stator only (b).

closest to the case without the rotor. Due to the lack of data at the maximum

power coefficient at other Reynolds numbers, it cannot be said if this is due to

the change in rotor performance or if it is due to measurement error, since the

differences lie inside the error bars.

At the downstream part of the turbine, the effect of the tip-to-speed ratio

is opposite to the upstream behaviour. Figure 12 (a) to (d) illustrates these

effects at measurement points 11 to 16. In general, measurement points 14 and

15 stay relatively close to the stator-only case despite the values of Reynolds

number or tip-to-speed ratio, but when the tip-to-speed ratio approaches 0.9,

measurement points 12 and 13 also move closer to the case without the stator-

rotor interaction, indicating changes in the downstream flow distribution. One

explanation for these changes could be the development of the rotor secondary

flows when the tip-to-speed ratio increases and the performance decreases. A

study by Torresi et al. [34] suggested that for an open Savonius rotor, when the

tip-to-speed ratio increases, the vortex that is generated by the advancing rotor

is squished by the same rotor. This also means that the flow that exits the rotor

is less vortical than it is at lower tip-to-speed ratios and this could explain the

trend noticed in Fig. 12.
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Figure 11: The effect of the tip-to-speed ratio on the upstream pressure distribution at

Reynolds numbers of (a) 221 600, (b) 443 200, (c) 664 700 and (d) 886 300.

4. Conclusions

This study presented an experimental and analytical analysis on vaned Savo-

nius turbine performance at different operating conditions by including exper-

imental results, both with and without a rotor. In addition to the new model

validation data, the key findings were the following:

1. A new correlation was developed for the modelling of a vaned Savonius

turbine performance map with different Reynolds numbers and tip-to-

speed ratios with an achievable accuracy of ±5%.
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Figure 12: The effect of the tip-to-speed ratio on the downstream pressure distribution at

Reynolds numbers of (a) 221 600, (b) 443 200, (c) 664 700 and (d) 886 300.

2. The effect of the Reynolds number on the Savonius turbine power coef-

ficient follows the trend of kinetic compressors relatively well despite the

existense of vanes, and an over 20% drop in vaned turbine power coefficient

can be observed due to the changing Reynolds number.

3. The Reynolds number affects the performance both through the changing

friction and flow separations, but it does not influence the vane passage

pressure distribution shapes.

4. The tip-to-speed ratio influences the vane pressure distribution via the

stator-rotor interaction.
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It was also found that the stator-rotor interaction has opposing influences

on the vane ring pressure distributions at the upstream and downstream parts

of the turbine. At the upstream, the decrease of tip-to-speed ratio moves the

pressure distribution closer to the case without stator-rotor interaction and vice

versa at the downstream direction when the tip-to-speed ratio approaches 0.9.

In the upstream, the behaviour is due to weaker interaction between the stator

and rotor, whereas in the downstream, the behaviour is likely to be due to

changes in the rotor-vortex interaction. However, there is a clear need for more

data under different operating conditions in order to draw conclusions, and this

could be a good avenue for further research.

In the context of performance prediction correlations, the data sets with

different Savonius turbines seem to correlate well with CT /Re
n as a function of

tip-to-speed ratio. Therefore, it is also suggested that the reason for the found

correlations is examined in future work.

It is suggested that in the design of vaned Savonius turbines, the tip-to-speed

ratio at the nominal operating point should be kept relatively low, in order to

minimise the negative effects of the stator-rotor interaction. Also, the influence

of the Reynolds number on the peak performance point location should be taken

into account.

In a broader view, the stator only results are also applicable for different

turbine designs, such as H- and Bach-type rotors. It is reasonable to assume

that the general trends in stator-rotor interaction can be found with other rotor

designs as well, although the magnitude may be different due to variations in

the tip-to-speed ratio and blade number.
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