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ABSTRACT

Micro-scale wind turbines are of great interest to supply

rechargeable batteries of autonomous sensors in the eld of the

Internet Of Things (IOT). However, they face the issue of lower

dimensionless performance than large-scale wind turbines. Due

to their small size and low operating wind speed, these runners

operate mainly in low Reynolds number ow conditions at which

the aerodynamic properties of the blades are not well-known.

Even though promising results are reported on the Reynolds

number effects on isolated and non rotating blades, their applica-

bility to design efcient small rotating energy harvesters is ques-

tionable. This paper reports on the inuence of the Reynolds

number on the performance of high-solidity and low tip-speed ra-

tio micro-scale wind turbines. Wind turbine’s power and torque

coefcient vs. tip-speed ratio curves are measured in wind tun-

nel for a wide range of Reynolds number by changing either the

turbine’s diameter or the freestream wind velocity. This quantita-

tive analysis will contribute to design more efcient wind energy

harvesters.

INTRODUCTION

The current fast development of Internet of Things (IOT) de-

vices raises the question of their supply in power. IOT appliances

such as wireless monitoring sensors, are supposed to be deployed

everywhere and to be accessible any time from anywhere, hence

it implies high requirements for energy storage and power man-

agement [1]. Currently, batteries are widely used to power au-

tonomous sensors but their use presents major drawbacks. The

nite amount of energy available, the high cost of replacement

or the possible difculties to have access to it in hazardous lo-

cations for maintenance limit the spread of these devices. The

use of ambient sources such as solar energy, thermal energy or

mechanical energy could be considered as a solution to reduce

or eliminate batteries in IOT endpoints. Wind energy is one of

the available renewable resource of energy. Even though wind

power is highly intermittent, a recent study carried out by Wen

et al. emphasises that the average wind speed in major Chinese

NOMENCLATURE

Cp [-] Power coefcient
Cp,max [-] Maximum power coefcient
P [W] Mechanical power
Pa [W] Available power
τ [N.m] Torque

ω [rad.s−1] Angular velocity

ρ [kg.m−3] Air density
RT [m] Tip radius

V∞ [m.s−1] Freestream wind velocity
Re [-] Reynolds number
c [m] Blade chord length

W [m.s−1] Relative velocity
η [Pa.s] Dynamic viscosity of air
Cτ [-] Torque coefcient
λ [-] Tip-speed ratio
λopt [-] Optimum tip-speed ratio
Cl [-] Lift coefcient
Cd [-] Drag coefcient
N [-] Number of blades
RH [m] Hub radius
H [-] Hub ratio
a [-] Axial induction factor

C [m.s−1] Absolute velocity

Cθ [m.s−1] Tangential velocity

Cz [m.s−1] Axial velocity
σ [-] Blade solidity
φ [deg] Blade pitch angle
β [deg] Relative angle
α [deg] Angle of attack
l [m] Blade spacing

cities is essentially within the range of 1 m.s−1 to 7 m.s−1 [2].

Consequently, miniature wind energy harvesters, such as micro-

scale wind turbines, could collect the energy of low speed airow

in urban area to power a rechargeable battery or a capacitor [3].

Micro-scale runners, with a rotor diameter under 0.20 m, are

not currently widely used because they achieve low efciency

i.e. low maximum power coefcient Cp,max, especially in com-

parison with full-scale wind turbines. The power coefcient Cp

is dened as the ratio of the mechanical power P to the available

power Pa:

Cp =
P

Pa
=

τω

0.5ρπR2
TV

3
∞

(1)



where τ is the torque, ω is the angular velocity, RT is the tip

radius of the rotor, ρ is the air density and V∞ is the freestram

wind velocity. It can be observed from the literature that the

maximum power coefcient Cp,max drops as the rotor diameter

decreases. Most small wind turbines exhibit maximum power

coefcient Cp,max ≤ 0.3 while large scale rotors achieve Cp,max

close to 0.5.
As the rotor diameter is small and the operating freesteam is

low, micro-scale runners operate mainly in low Reynolds number

ow conditions (Re ≤ 105). In this study, the Reynolds number

Re is based on the chord length c and on the relative velocityW

and reads :

Re=
ρWc

η
(2)

where η is dynamic viscosity of air.

The effects of the Reynolds number on the power coefcient

Cp and torque coefcient Cτ is barely adressed in the literature.

However, it is of particular interest to deeply understand ow

behaviour around a rotor in order to design more efcient run-

ners. The torque coefcientCτ is a dimensionless measure of the

torque generated by a rotor and reads :

Cτ =
τ

0.5ρπR3
TV

2
∞

(3)

Some experimental studies have found that runner’s perfor-

mance and wake were affected by the Reynolds number, espe-

cially at low Reynolds number. McTavish et al. have shown

that the thrust coefcient and the wake expansion downstream

a 25 cm wind turbine increase with increasing Reynolds num-

ber [4]. Cunningham et al. performed on eld test with a low-

solidity 3.74 m diameter horizontal axis wind turbine [5]. Their

results show a signicant drop in the wind turbine’s power co-

efcient and an increase in the optimum tip-speed ratio λopt as
Reynolds number decreased. The authors reported that the de-

pendency of the Cp vs. λ curves on Reynold’s number was in-

duced by the variations of the rotor’s aerdoynamic lift and drag

coefcients with the Reynolds number. Another experimental

study carried out by Kadrowski et al. reveals also that higher

Reynolds numbers allows the turbine to reach higher maximum

power coefcient Cp,max but at lower optimum tip-speed ratio

λopt [6]. Wiesner [7] and Capata & Sciubba [8] performed an-

alytical and numerical investigation of the Reynolds numbers

effects on centrifugal compressor and turbocompressor perfor-

mance and derived efciency/Re correlation formula. However,

to date there are no such correlations for wind turbines and there

is no consensual agreement on the effects of low Reynolds num-

ber on micro-scale wind turbine’s performance.

Wind turbine’s blades ensure the conversion of the kinetic

power of the wind into mechanical power, hence their geome-

try is closely linked to the ow patterns and to the rotor’s perfo-

mance. The classical method to design wind turbine’s blades is

called the Blade Element Momentum Theory. Firstly, once de-

termined a design tip-speed ratio, optimum ow conditions are

computed from the general momentum theory [9]. In the general

momentum theory, the rotor is modelled as an actuator disc i.e. a

rotor with an innite number of blades, inducing a sudden pres-

sure jump. As the thrust force acting over the rotor is function of

the pressure drop, so does the power coefcient. One limitation

of the actuator disc theory is that the physical behaviour of the

blades is not modelled. Consequently, the optimum ow condi-

tions and the maximum power coefcient of a wind turbine are

theoretically not sensitive to a change in the Reynolds number.

Secondly, the chord length and pitch angle distributions are

computed in order to achieve the thrust force derived from the

general momentum theory. The classical method is based on 2D

lift and drag coefcients obtained from wind tunnel experiments

performed in high Reynolds number ow conditions with iso-

lated and non-rotating airfoils. Existing research recognises the

critical role played by the Reynods number on the ow pattern

around an isolated airfoil and its aerodynamic properties. It is

well acknowledged that an increase in Re leads to an increase in

the lift coefcient Cl and stall angle and a decrease in the drag

coefcientCd [10]. However, the variation of the optimum angle

of attack i.e. the angle of attack which produces the higherCl/Cd

ratio is highly dependent on the airfoil geometry.

Even though the ndings on isolated airfoils are useful to un-

derstand Reynolds number effects on large-scale rotor aerody-

namics, some limitations occur when the rotor diameter or the

operating wind speed decrease. Indeed, the blades of micro-scale

wind turbines are affected by additional parameters such as low

Reynolds numbers effects and rotating effects [11]. Moreover,

micro-scale turbines require high-blade solidity in order to in-

crease the torque at low freestream wind velocity and to start

rotating. The mutual blade interaction induces by the increase

in blade solidity may affect the formation of laminar separation

bubbles in the closely spaced blades [12]. Consequently, the ef-

fects of the Reynols number on the performance of high-solidity

blade cascade in rotation may differ from those observed with

isolated airfoils [13].

Therefore, the purpose of the current study is to evaluate the

effect of the Reynolds number on the power coefcient Cp and

torque coefcient Cτ with high-solidity and low tip-speed ra-

tio wind turbines. In order to cover a wide range of Reynolds

numbers, three geometrically scaled turbines were designed and

tested in wind tunnel under various upcoming wind velocities.

DESIGN OF THE TURBINES

Three high-solidity and low tip-speed ratio runners with di-

ameters equal to 300 mm, 200 mm and 100 mm and identical

relative geometries were designed. All turbines’ dimensionless

parameters are equal in order to get a pure geometrical scaling.

The design procedure of the 300 mm runner has been the sub-

ject of a preliminary study [14], hence only some relevant de-

sign steps are documented in this paper. As reported in Ref.[14],

this runner achieves a high maximum power coefcient at its de-

sign tip-speed ratio Cp,max(λ = 1) = 0.31 for a freestream wind



velocity V∞ = 10 m.s−1. Moreover, its torque coefcient Cτ de-

creases linearly with the tip-speed ratio and it has a very low cut-

in wind speed. These specities make this turbine a good wind

energy harvester. Consequently, the geometries of the 200 mm

and 100 mm runners are obtained by scaling this 300 mm rotor.

The runners have N = 8 blades, a hub ratio H = RH/RT equal

to H = 0.3 and a design tip-speed ratio λ = 1. The blade was

dicretized into 11 elements from the root (RH ) to the tip (RT ) of

the blades. For each radius, a circular camber-mean line which is

tangent to the relative velocity at the leading edge
−→
W1 and at the

trailing edge
−→
W2 was drawn and thickened with NACA0010 pro-

les (see Fig.1). The relative velocities at the design tip-speed

ratio were predicted by applying the Euler’s turbomachinery the-

orem and the axial momentum theory to a disc of streamtube

with the hypothesis of a uniform and purely axial discharging

owC1 =V∞(1−a) with a= 1/3 and a constant vortex lawCθ2.

The full calculation procedure for the relative velocities can be

found in Ref.[14].

At λ = 1, the inlet and outlet relative angle decreases from

β1 = 66◦ and β2 = 35◦ at the hub to β1 = 34◦ and β2 = 26◦ at

the tip. The blade pitch angle φ, dened as the angle between

the chord line and the rotor’s plane, varies from φ = 55◦ at the

hub to φ= 30◦ at the tip. Hub and tip chord lengths were calcu-

lated according to c = 2πrσ/N with a blade solidity at the hub

σ(RH) = 1.65 and σ(RT ) = 0.7 at the tip. The chord length for

each radii was then determined by assuming a linear variation

from hub to tip. Finally, the rotors were manufactured by fused

material deposition with polyactic acid lament. The printed ro-

tors are shown in Fig.2.

DESCRIPTION OF THE EXPERIMENTAL SETUP

The aim of the experimental investigation is to determine the

power coefcient Cp and torque coefcient Cτ, vs. tip-speed ra-

tio λ characteristics for various Reynolds number by changing

either the runner or the freestream wind velocity V∞ between ac-

quisitions.

The experiments were carried out in the wind tunnel of the

LIFSE facilities. This closed-loop wind tunnel has a 1.8 m

Figure 1: From Bourhis et al. [14]. Velocity triangles at the inlet

(index 1) and outlet (index 2) of the turbine cascade. The blade

solidity σ is dened as the ratio of the blade chord length c to

spacing l i.e. σ= c/l

Figure 2: Printed wind turbines used in scaling tests with a 50

euro cent coin

long semi-open test section with a 1.35 m×1.65 m cross-section.

Prior to data acquisition, the atmospheric pressure and the tem-

perature were systematically measured to compute the daily air

density. The freestream wind speed V∞ was computed through

the measurements of the dynamic pressure in the test section by

a pitot transducer Furness Control FC20. The torque τ and the

angular velocity ω were acquired using a torque transducer lo-

cated between the turbine and a DC generator. These measuring

devices were houses in a nacelle placed in the middle of the test

section. A detailed schematic of the experimental setup with the

300 mm runner mounted on its nacelle is displayed in Fig.3.

An increase in the rotor diameter or in the upcoming wind

speeed induces an increase in the aerodynamic torque. There-

fore, in order to extend the range of measurable torque, two na-

celles including torquemeters with different measuring ranges

were built. On one hand, the torque generated by the 300 mm

runner and 200 mm runner were measured by a rotating

torquemeter HBM-T20WN. It has a measuring range of 0 N.m to

2 N.m and an accuracy of 0.2% of full scale. On the other hand,

a second nacelle containing a rotating torquemeter DRVL with a

smaller measuring range was used to acquire the torque and the

angular velocity of the 100 mm rotor. The latter has a measuring

range of 0 N.m to 0.05 N.m and a maximum measurement error

Figure 3: Detailed schematic of the experimental setup with the

300 mm wind turbine mounted on its nacelle



RT [mm] 50 100 150

V∞ [m.s−1] 10 15 10 15 10 15 20 25
Re(RH) 9500 14200 18900 28400 28400 42600 56800 71100
Re(RT ) 22000 33000 44100 66100 66100 99100 132200 165200
Marker in plots   + + × × × ×

Table 1: Description of the experimental test conditions {RT ,V∞}. Reynolds numbers Re are computed at the hub (Re(RH)) and at the

tip of the blade (Re(RH)) according to Eq.2. A specic marker, used to plot the experimental results, is assigned to each test condition

(a) (b)

Figure 4: Power coefcientCp (a) and torque coefcientCτ (b) as a function of the tip-speed ratio λ for various Reynolds number (please

see the Tab.1). The curves are obtained from the gathering of several experimental data sets for each {RT ,V∞} conguration

of 0.15% of full scale. The different test conditions are shown in

the rst two rows of Tab.1. For each rotor, the range of upcoming

wind velocity was limited by the measurement capabilites of the

torque tranducers.

During an acquisition, the upstream ow velocityV∞ was kept

constant while the rotational speed of the rotor ω i.e. the oper-

ating tip-speed ratio λ varied between each sample by changing

the resistive load applied to the generator. For each sample, the

arithmetic mean value of the torque τ, the angular velocity ω, the
temperature and the dynamic pressure in the test section were

collected from 50 s long acquisitions with a sampling frequency

of 1000 Hz. Then, the torque coefcient and power coefcient

were computed for each sample according to the Eqs.1&3. The

experiments were repeated several times for the different set of

conditions on separate days to ensure repeatibility of the acqui-

sition protocol. Finally, the data were gathered and dispayed on

a single graph showing the variations of Cp and Cτ with the tip-

speed ratio for each test conditions.

The Reynolds number, Re, for each experimental congu-

rations {RT ,V∞} was calculated for analysis and is displayed

in Tab.1. The latter is computed at the hub (r = RH ) and at

the tip (r = RT ) of the blades according to the Eq.2 where

W =
√

(2/3V∞)2+(rω)2, ρ = 1.2 kg.m−3, η = 1.8.10−5 Pa.s

and λ = 1. The range of tip Reynolds numbers extend from

Re = 22000 () for the conguration {50,10} to Re = 165200

(×) for the conguration {150,25}. As shown in Tab.1, the

300 mm runner and 200 mm runner operate at the same Reynolds

number when the upcoming wind velocity are respectively set at

V∞ = 10 m.s−1 (+) and V∞ = 15 m.s−1 (×).

As the Reynolds number is computed with the relative veloc-

ity, a decrease in the tip-speed ratio leads to a decrease in Re.

Therefore, in the following discussion, each {RT ,V∞} congura-
tion is identied by its tip Reynolds number computed at λ = 1

and by a specic marker in the experimental plots (see the last

row of Tab.1).

RESULTS AND DISCUSSIONS

Fig.4 shows the variation of the power coefcient Cp and the

variation of the torque coefcientCτ as a function of the tip-speed

ratio λ for the different test conditions. For all test conditions,

the range of operating tip-speed ratio was limited either by the

friction of the mechanical parts contain in the nacelle or by the

capacity of the breaking system. No experimental power and

torque coefcients were measured between λ = 0.7 and λ = 1.1
when the 100 mm rotor were operating at V∞ = 15 m.s−1 ()

due to a strong resonance of the transmission shaft. Furthemore,

when the 300 mm runner and 200 mm runner operate at the same

Reynolds number (+ & ×) both Cp and Cτ vs. λ curves follow

similar trends. In both test conditions, the same maximum power

coefcient Cp,max = 0.31 for an equal optimum tip-speed ratio



(a)

(b)

Figure 5: Effect of the Reynolds number on the maximum power

coefcientCp,max (a) and on the optimum tip-speed ratio λopt (b).
The tip Reynolds number computed at λ= 1 is used as reference

for the Re axis (see Tab.1)

λopt = 1. It emphasises that the dimension of the test section and

the mechanical or electrical losses induce by the setup have no

effect on the experimental measurements. The slight discrepancy

inCτ between these two test conditions at very low tip-speed ratio

might be explained by rotational effects or by the difference of

blade’s relative rugosity.

The variation of the torque coefcient with the tip-speed ratio

are consistent with preliminary results reported in Ref.[14]. For

all tests performed with the 300 mm runner, the torque coefcient

decreases linearly for the entire range of tip-speed ratio. Even

though a similar trend is observed at high tip-speed ratio with

the 200 mm and 100 mm turbines, a decrease in Re leads to a

change in the Cτ vs. λ curves, especially at low tip-speed ratio.

Nonlinear variations and a little drop inCτ are observed with the

200 mm and 100 mm turbines at tip-speed ratios close to λ= 0.

A decrease in the tip-speed ratio leads to an increase in the angle

of attack and a decrease in the Reynolds number. At high angles

of attack, the lift curves can become highly nonlinear especially

at low Reynolds number [15]. It can leads to nonlinear variations

inCτ at low tip-speed ratios.

Secondly, whats stands out in the Fig.4b is the increase in Cτ

with the Reynolds number for the entire range of tip-speed ratio.

At xed λ, all turbines operate with the same angle of attack α
(see the velocity triangle in Fig.1), hence an increase in Re leads

to an increase in the net aerodynamic forces acting on the wind

turbine’s blades. Even though, this nding is directly in line with

the ndings on isolated airfoils, a major difference is observed

between the behaviour of an isolated airfoils and a blade cas-

cade. For isolated airfoils, an increase in the angle of attack leads

to an increase in the lift coefcient until the stall angle at which

a sudden decrease in the lift generated by the aerofoil occurs. In-

terestingly, even at low Reynolds number, no signicant drop in

the torque coefcient is observed while decreasing the tip-speed

ratio with high-solidity blade cascade. The stall effects may be

counterbalanced by the mutual interaction between the blades.

As one can see in Fig.4a, the power coefcient Cp increases

with increasing Reynolds number for the entire range of tip-

speed ratio. However, higher Reynolds number leads to narrower

Cp vs. λ curves. These results emphasize that the Cl/Cd vs. α
curves of the rotating blade cascade change as the Re changes.

An increase in Re induces a higher maximum Cl/Cd ratio and

narrower Cl/Cd vs. α curves. It implies that the aerodynamic

properties of the turbine’s blades are more affected by a change

in the angle of attack at high Reynolds number. Fig.5a highlights

the gradual increase in the maximum power coefcient Cp,max

with the Reynolds number. For instance, the latter increases from

Cp,max = 0.26 at Re = 22000 to Cp,max = 0.33 at Re = 165200.

However, the difference in Cp,max between each test conditions

decreases with Re. The trend of the Cp,max vs. λ curve suggests

that the maximum power coefcient will probably level off or

increases slowly. This nding is consistent with data reported

on isolated airfoils [5; 16]. At high Reynolds number, the de-

crease in the lift coefcient and the increase in the drag coef-

cient of isolated airfoils are negligible. However, below a critical

Reynolds number, Cl decreases fastly and Cd increases rapidly.

Cp,max vs. λ curve show a very similar pattern of results. It em-

phasises that the effect of the Reynolds number on the maximum

power coefcient occurs mainly at Re≤ 105.

Fig.5b shows the variation of the optimal tip-speed ratio λopt
with the Reynolds number. For all test conditions, the optimum

tip-speed ratio is very close to the design tip-speed ratio λ = 1.

As Figs.4a & 5b show, there is a clear trend of increasing op-

timum tip-speed ratio λopt with the Reynolds number. Even

though the Cl/Cd remains quasi-constant for Re≥ 105, the opti-

mum tip-speed ratio is continuously increasing.

The variations of the dimensionless parameters with the

Reynolds number may be explained by the fact that in low



Reynolds number conditions 104 ≤ Re ≤ 106, a too high ad-

verse pressure gradient along the streamwise direction can lead

to the separation of the boundary layer on the upper surface of

the blades and the formation of laminar separation bubbles (LSB)

inside which high recirculations of mixed laminar and turbulent

ows occur [12]. For isolated airfoils, the size of the LSB, its

position on the upper surface of the blade, its separation and

reattachement coordinates and its effect on the lift and drag co-

efcients depend on the Reynolds number, the angle of attack,

the turbulence intensity and the blade’s roughness [17]. With

micro-scale turbines, additional phenomena are involved in the

formation of LSB such as rotational effects [11] and high blade

solidity effects. Our results suggest that at xed tip-speed ra-

tio i.e. at xed angle of attack, the overall length and thickness

of laminar separation bubbles decreases as the Reynolds num-

ber increases. Moreover, the discrepancy in the Cτ vs. λ curves

at low tip-speed ratios i.e. at very low Reynolds numbers and

high angles of attack might be induced by changes in the ow

regime. Further work should be undertaken to corroborates these

ndings. An investigation of the velocity elds in the near wake

of a micro-scale turbine could provide a better understanding of

the ow pattern around a rotating blade cascade operating at low

Reynolds number and therefore could help to design more ef-

cient wind energy harvesters.

CONCLUSION

The aim of the current study was to examine the effect ot the

Reynolds number on high-solidity micro-scale wind turbine’sCτ

vs. λ curves and Cp vs. λ curves. The research has identied

that an increase of the Reynolds number from Re = 22000 to

Re = 165200 leads to an increase in the maximum power co-

efcient from Cp,max = 0.26 to Cp,max = 0.33. However, for

Re≥ 105,Cp,max remains quasi-constant. The second major nd-

ing was that higher Reynolds number ow conditions leads to

higher torque coefcient Cτ and power coefcient Cp for the

entire range of tip-speed ratio. Finally, these experiments have

shown that the optimum tip-speed ratio i.e. the optimum angle of

attack of the blade cascade increases as the Reynolds number in-

creases. Even though, this study provide quantitative experimen-

tal data on the effect of the Reynolds number on the performance

of micro-scale wind turbines, further experimental investigation

are needed to fully understand its implications on the ow pattern

around wind turbine’s blades.
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