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A B S T R A C T   

An experimental investigation on the flow topology over a rotor operating at low Reynolds numbers is presented. 
The feasibility of laminar to turbulent transition experiments over small rotors is demonstrated. Phase-locked 
infrared thermography coupled with simultaneous force and torque measurements were used to study a three 
bladed rotor with a NACA0012 aerofoil section set at a uniform angle of incidence of 10◦. Boundary layer 
transition was forced using two-dimensional (2D) and three-dimensional (3D) roughness elements, placed at 
approximately 5% and 28% of the rotor blades chord. In the 3D roughness configurations once the critical 
roughness Reynolds was attained the streaks downstream developed into fully turbulent wedges. For the current 
rotor configuration, it was found that the state of the boundary layer can significantly affect its performance, 
with the non-optimal forcing of laminar to turbulent transition generally resulting in a loss of performance when 
compared to the smooth reference rotor case.   

1. Introduction 

Further knowledge of low Reynolds number flows is becoming 
increasingly important due to the rise in the demand of micro-aerial 
vehicles (MAV). This encourages us to rethink the way conventional 
aerodynamic design is conducted, as these vehicles operate within a 
Reynolds number (Re = Utipc/ν , where c denotes, ν the kinematic vis
cosity and for a rotor blade: Utip = RΩ, where R is the blade radius and Ω 
is the rotational speed.) regime of 103 < Re < 105 where one can expect 
that the flow remains laminar to a greater extent but is still susceptible to 
transition. With MAV systems projected to operate in highly turbulent 
environments [1,2], understanding the impact of boundary layer tran
sition becomes critical for the design of low Reynolds number flyers as it 
could lead to considerable deterioration in performance or in worst case 
scenarios, massive stall and control loss as they are more prone to sep
aration in the low Reynolds number regime. An adverse pressure 
gradient over an aerofoil can cause formation of a laminar separation 
bubble (LSB), which at low and moderate angles of attack can undergo 
transition and reattach into a turbulent boundary layer. Though at high 
incidence it would break down into a long bubble without reattaching 
and cause laminar stall. In the turbulent state, the flow is more resilient 

to separation at the cost of higher skin friction drag which compromises 
the endurance of the vehicle. Therefore, the location of boundary layer 
transition becomes a critical parameter during the design and optimi
sation of low Reynolds number aerodynamic surfaces. 

For 2D boundary layers subjected to a low disturbance environment, 
laminar to turbulent transition occurs through the exponential growth of 
Tollmien-Schichting (TS) waves. An adverse pressure gradient will 
promote more rapid growth, reducing the local Reynolds number at 
which transition occurs. At low Reynolds numbers (< 105) an LSB will 
be promoted in this recovery or adverse pressure gradient region, 
significantly modifying the pressure distribution of the aerofoil. Envi
ronmental perturbations can be convected within the separation bubble 
and grow very rapidly leading to transition of the detached shear layer 
and reattachment [3–7]. Turbulent reattachment will generally not 
occur for aerofoils with chord Reynolds numbers less than 7× 104, 
resulting in breakdown into a long bubble [3,8]. However, as the Rey
nolds number is increased, the length of the LSB decreases and reat
tachment is usually possible [9]. Therefore, the impact on the pressure 
distribution over the aerofoil is less significant resulting in little per
formance loss. These are semi-empirical observations which can be very 
useful for design and optimisation of low Reynolds number aerofoils, 
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however the stability and dynamics are much more complicated. 
Flow separation is an important factor in low Reynolds number 

aerofoil design philosophy, while trying to extend the amount of laminar 
flow and delaying transition to turbulence when skin friction drag 
reduction is necessary. As mentioned above, the impact of the LSB and 
laminar separation on the performance of a 2D low Reynolds number 
aerofoil is well studied, however less is understood on how external 
perturbations such as roughness or freestream turbulence impact these 
mechanisms. Furthermore, for low Reynolds number rotors, there are 
significantly fewer studies. Singh and Ahmed [10] took the LSB into 
consideration when designing a low Reynolds number wind turbine and 
noted that separation bubbles over low Reynolds number rotors cause 
excessive pressure drag, loss in aerodynamic lift and increase in the 
noise produced by the rotor. A recent study, on a rotor blade similar to 
that of the NASA Mars helicopter, by Argus et al.[11], used mid-fidelity 
RANS simulations coupled with a Blade Element Momentum Theory 
model to find that at Re  = 2×104 and 8×104 increasing the critical N- 
factor (the amount of perturbation growth required for transition) from 
3 to 11 decreased the figure of merit (FM) of the rotor by approximately 
40% suggesting that a performance gain is possible. They noted that in 
their configuration laminar separation without reattachment was the 
transition mechanism that deteriorated performance. 

Infrared Thermography (IRT) is a common technique [12,13] used to 
detect the location of laminar to turbulent transition, over fixed and 
rotary aerofoils. The heat transfer between the blade surface and the 
flow in a turbulent boundary layer is larger than that in a laminar 
boundary layer, therefore it is possible to determine where the flow 
transitions from a laminar to turbulent state by comparing the heat 
transfer rate. If the surface is colder than the freestream flow then it will 
experience rapid heating, for instance in high speed flow. However, if 
the surface is hotter, then it will experience a cooling effect instead, due 
to the higher entrainment from a turbulent flow. Adiabatic recovery 
temperatures are lower in laminar flows than in turbulent flows, how
ever in subsonic flows the resulting temperature differences are too low 
for reliable IR measurements. To address this problem, external or in
ternal heating is used to increase the temperature gradient between the 
flow and the surface to account for the sensitivity and increase the ac
curacy in the measurement. 

This method has been successfully used in a vast number of IR 
thermography on fixed and rotary wing transition experiments, for 
example, Horstmann et al.[14] used IR thermography during wind 
tunnel and in flight tests to successfully identify the position of laminar 
to turbulent transition over a wing glove, Dollinger et al. [15] demon
strated that IRT could be used to study boundary transition on full-scale 
wind turbines and Seraudie et al. [16] investigated the effects of Rey
nolds number on the transition mechanisms over a high lift swept wing, 
showing that the transition position and mechanism change with the 
Reynolds number. Raffel et al.[17] used differential infrared thermog
raphy (DIT) measurements for unsteady transition measurements. Using 
differential images with a small temporal separation (200 ms) they were 
able to identify the beginning and end of transition. They used the 
spatially averaged pixel intensity as a marker, suggesting that a steep 
drop in intensity corresponded to the onset of transition. DIT was also 
used by Weiss et al. [18] to measure the transition position on a rotating 
blade under cyclic pitch conditions. Miozzi et al. [19] investigated an 
LSB (Re  = 8× 104) over a NACA 0015 aerofoil and were able to 
characterize a coherent structure from time-resolved IR temperature 
measurements. They found that separation and reattachment locations 
corresponded to the locations of local maximum and minimum surface 
temperature, respectively. They stated that inside the laminar separa
tion bubble the transition point corresponded to the maximum chord
wise temperature gradient. Wynnychuk and Yarusevych [20] 
investigated an LSB (for Re  = 8×104 and 1.2×105 over a NACA 0018 
aerofoil using IRT and Particle Image Velocimetry (PIV), they found that 
the location of mean turbulent reattachment corresponded with the 

location of minimum surface temperature. 
Experimental investigations on boundary layer transition for rotor 

blades are relatively scarce. Maldonado and Gupta [21] studied the 
impact of piezoelectric-based synthetic jet actuators on the boundary 
layer development over a 3 bladed rotor(S809 aerofoil, Re  = 1.8 × 105) 
using Laser-Doppler Velocity (LDV) measurements. Contemporary 
boundary layer transition research on rotors most commonly uses IR 
thermography, where investigations on laminar to turbulent transition 
in rotary wing configurations entail more experimental difficulties than 
in fixed wing configurations. Richter and Schülein [22] used high-speed 
IRT for boundary layer transition measurements on the suction side of a 
helicopter rotor. By synchronizing the IR camera with the rotor they 
were able to identify the start and end of transition by tracing the evo
lution of the pixel intensity for the entire rotor blade from a single IR 
image. Lang et al.[23] used IRT and PIV to detect the presence of an LSB 
over a NACA 0015 rotor blade, showing that, the elevated temperature 
region could be used to determine the location of the bubble, the local 
Re where the bubble was measured was 1.4× 105). The locations of 
laminar separation and turbulent reattachment were approximated 
through the analysis of the chordwise pixel intensity gradient. They 
defined the mean transition location as the mid-point between the 
location of laminar separation and turbulent reattachment. Recently, 
Thiessen and Shülein [24] conducted transition experiments over a low 
Reynolds number quadcopter rotor using IRT and oil film topography 
measurements. They found a region of separated flow, which they 
claimed to be an LSB that forms over the rotor blade. The laminar sep
aration bubble is a zone of almost stationary or low speed reverse flow, 
where the shear stress is zero or very low. In the separation region the 
heat transfer will be minimal and will begin to increase rapidly as 
transition and turbulent reattachment take place. In general, IR mea
surements conducted on a model which has a higher surface tempera
ture than the free stream allows for identification of turbulent regions 
(low temperature), separated regions (high temperature) and laminar 
regions (medium temperature regions). 

There exists a significant knowledge gap on the experimental study 
of boundary layer transition for rotors operating at the Reynolds number 
range applicable to UAV. The objective of the present study is to address 
this, by using IR thermography coupled with force/torque measure
ments to demonstrate the feasibility of the experimental study of 
boundary layer transition over small rotors at low Reynolds numbers. 
The flow topology of the smooth rotor is investigated, along with the 
impact of 2D and 3D roughness and their chordwise position on the state 
of the boundary layer and the flow topology over the rotor. 

2. Methods 

2.1. Experimental Setup 

When experimentally or numerically investigating the aerodynamics 
of rotor blades, there is a trade-off between two setups: (1) a highly 
optimized rotor, where the aerodynamics are closer to ”realistic” con
ditions, with the drawback being that these sorts of configurations are 
very case specific and the behaviour of the flow is difficult to interpret, 
and (2) testing a more generic rotor blade with less variables, where the 
physics can be more straightforward to understand, with the drawback 
of being less representative of application. The process of laminar to 
turbulent transition over low Reynolds number rotors is too poorly un
derstood to be investigated over a complex optimized rotor. Therefore, 
the present investigation will be on a simple rotor operating over a 
Reynolds number range that is applicable to MAV. 

The experiments were conducted at the Institut Supérieur de 
l’Aéronautique et de l’Espace (ISAE-SUPAERO) with the collaboration 
of ONERA in Toulouse, France. The experimental set up is presented in 
Fig. 1a and the rotor model with the roughness configurations are pre
sented in Fig. 1b. The rotor had three blades with a NACA0012 profile, 
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an angle of incidence of 10 ◦ and no twist. The radius (R) of the rotor was 
0.125 m and the chord length (c) was 0.025 m, resulting the in rotor 
having an aspect ratio (AR  = R/ c) of 5. The rotor blades were 3D 
printed using a reinforced resin, great care was taken to ensure that the 
blade was smooth. Phase locked IRT was used to capture the tempera
ture distribution of the rotor blade’s surface. A Brüel kJær CCLD laser 
tacho probe was used to synchronize the blade with the IR Camera. A 
thin reflective film was placed on an opposing blade, so that for each 
rotation a voltage pulse was sent out by the laser to trigger the camera. 
In order to increase the temperature difference between the ambient air 
and the blades surface, a 500 W halogen lamp was used to increase the 
surface temperature of the blade of interest. 

A schematic of the experimental configuration can be found in 
Fig. 1., the rotor was operated in hover in a very large room with respect 
to the rotor dimensions, in static air the freestream turbulence can be 
assumed to be negligible. Before starting the measurement, the blade of 
interest was systematically heated by the lamp at a distance of 0.15 m for 
10 s. The room temperature was at 20 ◦C and the blade was heated to 
approximately 35–40 ◦C in each case, however the absolute temperature 
is not of great importance as the transition detection techniques are 
based on temperature differences. Energy injected into the flow due to 
heating of the blade can affect the critical Reynolds number at which 
boundary layer transition occurs [25], however this is mainly relevant 

for modal transition which is bypassed when transition occurs imme
diately downstream of a 3D roughness. Furthermore, the heating is too 
low to affect the transition process, especially at the low Reynolds 
numbers studied, where the boundary layer is much more stable. In 
previous work, the overheat temperature employed was between 10–20 
◦C, where [17,19,20] suggested that these levels of overheat do not 
significantly affect transition position. Furthermore, The Richardson 
number can be used to address the extent of the relevance of natural 
convection to forced convection. The Richardson number is defined in 
Eq. 1, where θ, represents the volumetric thermal expansion coefficient 
(105× 10− 6/C◦), the rotational acceleration is defined as a = U2

tip/r and 
used instead of the acceleration due to gravity as rotational accelerations 
would dominate. The surface temperature of the the model and the 
ambient air temperature are denoted by Tw and T∞, respectively. 

Ri = cθ(Tw − T∞)/r (1)  

Natural convection can be considered to be negligible if Ri < 0.1, in the 
present work Ri ∼ 0.0032 at r/R  = 0.1 and decreases as r/R is 
increased, therefore natural convection effects on the flow can be 
neglected. During the IR camera measurement the heating lamp was 
turned off, the motivation of this technique is that in a turbulent flow 
region there will be more heat transfer between the blade surface and 
outer flow than in a laminar flow region. Therefore the temperature 

Fig. 1. i) Low Reynolds number rotor test rig; Schematic of the experimental setup; iii) Roughness configurations (blue marks and black lines deNote 3D isolated 
roughness element and 2D wire, respectively). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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(pixel intensity) will vary in a turbulent, laminar or separated region as a 
function of time. Since a variety of configurations were tested, a pixel 
intensity normalization technique needed to be implemented for 
coherent analysis. Each IR image was normalized by the maximum pixel 
intensity present in the image so that the different test configurations 
would be compared reliably. The high speed and high resolution IR 
camera (Telops Fast M3k) was used to characterize the flow topology 
over the rotor, where the pixel intensity is used to approximate the state 
of the boundary layer. The camera had 320 x 256 pixel spatial resolu
tion, a typical NETD of 25 mK and operated in the 1.5–5.4μm spectral 
range and was positioned 0.4 m away from the rotor blade. The size of 
the field of view was 1c x 0.65R and the exposure time of the camera was 
71μs, allowing for a good compromise between camera noise and mo
tion blur. Since the camera was synchronized with the rotor, effectively, 
the sampling rate was that of the rotors turning rate (RPM) for the given 
run. Motion blur is one of the greatest challenges when conducting IR 
measurements, even with state-of-the-art cameras. To mitigate this, at 
least 500 phase locked images were captured for each run. The Motion 
blur can be calculated by multiplying the exposure time of the camera by 
the local radial velocity. Increasing the rotational speed and radial po
sition results in more blur. For example at the highest speed, 6500 RPM 
and at the blade tip, the motion blur can be up to 0.24c, however this 
value is less than 0.1c for a large portion of the blade as the radial ve
locity decreases moving inboard. When raw images were analyzed the 
blur was not significant enough to affect the test result potentially due to 
the reliable synchronisation. Furthermore, at lower rotational speeds, 
the blur is between 0.01c and 0.1c, depending on speed and radial po
sition. The test matrix is presented in Table 1. 

Referring to Figs. 1i and ii, the thrust and torque were measured 
using the same aerodynamic balance as in Desert et al. [26]. The aero
dynamic balance used load cells to measure the thrust and torque. To 
measure the thrust, one end of the load cell was fixed to the motor 
driving the rotor and the other to a fixed support. The torque is 
measured by fixing one end of the load cell to a circular plate fixed to the 
back of the motor (aligned with the axis of rotation) and the other to a 
fixed frame surrounding the motor. The frame allows for free rotation of 
the motor along its axis through two ball bearings. Therefore when a 
torque is applied, it pushes onto the load cell. It must be noted, that the 
experimental setup measured the sum of the aerodynamic torque exer
ted by the rotor on the motor and the internal mechanical torque of the 
motor. The sampling frequency of the force and torque measurements 
was 500 Hz, 5000 samples were acquired, with a 10 s stabilization 
period between each speed interval. The force and torque were 
measured for long enough so that their means and standard deviations 
converged. The uncertainty of the thrust and torque measurements was 
calculated using a 95% confidence interval, the total uncertainty for the 
thrust and torque was approximately 1% and 0.045 % of full scale, 
respectively. 

Referring to the experimental configurations in Fig. 1iii, a set of 2D 
and 3D cylindrical roughness elements were placed at 0.05c and 0.28c of 
each rotor blade to foster boundary layer transition. Where further 
downstream the boundary layer is expected to be thicker, resulting in 
the roughness element providing a smaller perturbation to the boundary 
layer. The 2D roughness consisted of a carefully glued 100μm wire and 
the 3D roughness was comprised of adhesive laser pre-cut cylindrical 
discrete roughness element spaced out at regular intervals, with a 
diameter of 1.27 mm, standard interval length of 2.54 mm and a of 
height of 200 μm (commonly refereed to as ”trip dots” or ”CadCuts”). 

0.025./In total, one smooth and 8 roughness configurations at 6 
different speeds where tested: the smooth rotor blade without any 
roughness is denoted as NoR, 2D roughness configurations are denoted 
as 2D and 3D roughness configurations are denoted as 3D2SR, 3D3SR, 
3D4SR for roughness spanwise spacing of 5.04, 7.62 and 10.16 mm, 
respectively. At the end of the abbreviation either P1 or P2 is used to 
indicate the chordwise position of the roughness element, where P1 and 
P2 indicate 0.05c and 0.28c, respectively. The rotational speed, Ω, was 
varied from 1000 to 6500 RPM, yielding a Reynolds number range of 
6.2 × 103 to 1.44 × 105 based on radial speed at the blade tip. The 
boundary layer thickness (δ) should be thicker for lower values of r/R 
and Re, and to understand the impact of the roughness element has on 
the flow, it is important to have the approximate value of δ over the rotor 
blade. In the following section the method for approximating the value 
of δ is presented. 

2.2. Approximation of the boundary thickness 

Due to the experimental difficulty in measuring the δ over a small- 
scale rotating surface, the boundary layer is approximated numeri
cally. The purpose of estimating the boundary layer thickness was to 
compare it to the height of the roughness, and to estimate Uk the un
disturbed velocity at the roughness height, to calculate the roughness 
Reynolds number, Rek. The pressure over the surface of the rotor was 
calculated using XFOIL [27] for the local Reynolds number based on 
local radial speed and the effective aerodynamic angle of attack (αeff ) for 
the corresponding radial position and rotation speed was calculated 
using a Non Linear Vortex Lattice Method (NLVLM) which should take 
into account some of the 3D effects present, the method is explained in 
detail in Jo et al. [28]. Using the pressure obtained from XFOIL 
(calculated with an N-Factor of 7), the δ was calculated using ONERA’s 
in house boundary layer code 3C3D, which solves Prandtl’s boundary 
layer equations for three-dimensional boundary layers using a method of 
characteristics along local streamlines. To set up the boundary layer 
equations a body fitted coordinate system is used and the momentum 
equations are discretized along the local streamlines [29,30]. The results 
from 3C3D are presented in Table 2. 

A frequently used criterion for determination of the critical rough
ness size for three-dimensional roughness was given by Von Doenhoff 
and Braslow [31] based on a limited body of experimental observations. 
In Von Doenhoff and Braslow [31], the roughness Reynolds number is 
introduced as, Rek = Ukk/ν, where k is the roughness height and Uk. By 
its nature, such a criterion, does not address the problem of shape and 
distribution of the roughness elements, however should suffice for the 
objectives of this current work. From Von Doenhoff and Braslow [31] 
the critical roughness Reynolds number for when a wedge forms is given 
as Rek ≈ 600(d/k)− 2/5, where d denotes the diameter of the roughness 

Table 1 
Test matrix and associated motion blur,σblur, in IR images at r/R = 0.7.  

Ω  f(Hz) Rer/R=0.3(103) Rer/R=1.0(103) Utip(m/s) σblur  

1000 RPM 17 6.2 22 13 0.03c 
3000 RPM 50 19 66 39 0.08c 
6500 RPM 108 40 144 85 0.17c  

Table 2 
Estimation of the boundary layer thickness (δ) at chordwise positions of 0.05c 
and 0.28c and radial positions of r/R  = 0.3, 0.7 and 0.95. The αeff was 
approximated to be 6.6◦, 4.6◦ and 4.3◦ at r/R  = 0.3, 0.7 and 0.95, respectively 
for 1000 RPM, 4.0◦, 2.4◦ and 2.0◦ for 3000 RPM and 2.2◦, 1.8◦ and 1,9◦ for 6500. 
The δ is presented in mm. *For these configurations the boundary layer code 
does not compute further than 0.23c due to the formation of the laminar sepa
ration bubble. Therefore the δ is presented at 0.23c for both cases and should not 
change the conclusion of the results.   

r/R = 0.3  r/R = 0.7  r/R =
0.95  

Ω  δ0.05c/k  δ0.28c/k  δ0.05c/k  δ0.28c/k  δ0.05c/k  δ0.28c/k  

1000 
RPM 

1.75 4.30* 1.15 3.05* 1.00 2.60 

3000 
RPM 

1.00 3.05 0.55 1.40 0.50 1.45 

6500 
RPM 

0.55 1.45 0.45 1.15 0.35 1.00  
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element. Using the boundary layer computations, the approximated 
range of Rek for the current configuration is pretested in Fig. 2 with the 
critical roughness Reynolds number being 

̅̅̅̅̅̅̅̅
Rek

√
≈ 17. In addition to the 

criteria proposed by Von Doenhoff and Braslow [31], Gregory and 
Walker [32] conducted experiments using isolated roughness elements 
at various heights, both smaller and larger than δ. They found that at 
̅̅̅̅̅̅̅̅
Rek

√
≈ 25 a turbulent wedge would form directly behind the roughness 

element. Furthermore, they also studied roughness elements which were 
over 2δ and found that the turbulent wedge would increase in spanwise 
size near the roughness element, which is observed in the present work. 

2.3. IR Thermography for detecting laminar to turbulent transition 

The presumption of laminar to turbulent transition via IRT is based 
on the principle that laminar and turbulent flows have different heat 
transfer rates, where turbulent flows tend to have a higher rate of heat 
transfer between the bulk fluid flow and the blade surface, due to a 
higher value of skin friction, cf . By means of the Reynolds assumption 
[22], the Stanton number illustrates this behavior and is defined in Eq. 2, 
where h denotes the heat transfer coefficient, ρ is the fluid density, U∞ is 
the flow velocity and cp is the pressure coefficient. 

St =
h

ρcpU∞
≈

cf

2
(2)  

In this study, the grayscale pixel intensity of the images are used to 
quantify the flow instead of the temperature, due to the fact, that an 
accurate temperature calibration is fraught with difficulty because the 
temperature detected by the IR camera is dependent on the emitted heat 
from the surface of the model and of the reflected heat from the sur
roundings. As demonstrated by the Stanton number, the IR images 
reflect the characteristics of the flow field as a result of convection, the 
effect of conduction is considered to be negligible. The IR image pixel 
was normalized by the maximum pixel intensity present in the particular 
image so that the different test configurations could be more meaning
fully compared. The normalised images showed little temporal variation 
in the flow topology, hence the time-averaged pixel intensity can be used 
to present the flow topology over the rotor. This metric was successfully 
used by [19,22,23] and here we denote it as In. For example, high and 
low levels of pixel intensity represent high and low temperatures, 
respectively. Richter and Schüllen [22] and Lang et al. [23] used 
chordwise pixel intensity profiles over the rotor blades to identify the 

transition position, where the maximum pixel intensity (∂In/∂x ≈ 0) is 
said to be the transition position, however care needs to be taken as the 
process of laminar to turbulent transition is one that occurs over a finite 
distance. The previous authors justified the use of this term by consis
tently referring to it as a physically significant location in the transition 
region. In the present work we do not use the maximum pixel intensity 
as a measure of transition location, rather as a marker to indicate that 
the flow could be separated or the friction being low due to low velocity 
fluid in a possibly separated flow. Hence, one could expect transition to 
occur around this region. Furthermore, it must be noted that one of the 
major limitations of the IRT technique is that it is a measurement of the 
heat signature of the boundary layer and not the actual boundary layer, 
resulting in some uncertainty when determining the transition location 
[22]. 

3. Results 

3.1. Force and Torque Measurements 

Thrust and torque measurements were conducted simultaneously 
with IR camera measurements. The coefficient of thrust and Figure of 
Merit (FM) and Power Loading (PL) are defined in Eq. (3)–(5), respec
tively. Where T is the thrust, Q is the torque, ρ is the density of the 
ambient air, Ω is the rotational frequency and R is the rotor blade radius. 
The objective of these measurements was not to find an optimal tripping 
configuration, rather to demonstrate that it is possible to measure the 
impact of the state of the boundary layer on a rotor operating at low 
Reynolds numbers. 

CT =
T

1
2ρ(ΩR)2πR2

(3)  

FM =
T3/2

ΩQ
̅̅̅̅̅̅̅̅̅̅̅̅̅
2ρπR2

√ (4)  

PL =
T

ΩQ
(5)  

Referring to Figs. 3 an 4., the FM and PL are presented. It is interesting to 
note that more tightly spaced roughness configurations perform worse 
than roughness configurations which were further apart. This signifies 
that the interaction and spreading of the wakes downstream of the 

Fig. 2. The approximated range of 
̅̅̅̅̅̅̅̅
Rek

√
for the current configuration at radial positions of r/R  = 0.3, 0.7 and 0.95 for chordwise positions of 0.05c (*) and 0.28c 

(◇) The black horizontal line denotes the critical roughness Reynolds number, 
̅̅̅̅̅̅̅̅
Rek

√
≈ 17 [31] and the horizontal black dashed line denotes 

̅̅̅̅̅̅̅̅
Rek

√
≈ 25 proposed 

by [32]. 
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roughness plays a significant role in the transition process and perfor
mance of the rotor. The present results show that at lower Reynolds 
numbers and RPM, the effects of roughness are more prominent and that 
forcing transition generally results in a decrease in performance both in 
terms of FM (Fig. 4.) and PL (Fig. 5), with a degradation of performance 
becoming more severe at higher RPM, up to approximately 25% in the 
the least favourable roughness configurations. However, at lower RPM, 
where the boundary layer is thicker there could be some modest per
formance improvements, as seen in the thrust for the 2DRP2 configu
ration (Fig. 3b.) and possibly in the FM and PL. The roughness height 
was not optimized in the present work, as a result there are regions on 
the rotor where the boundary layer that are ”over tripped”, resulting in 
massive performance loss, potentially due to increase in excrescence 
drag (also known as roughness drag, due to the imperfections of the 
aerodynamic surface such as surface discontinuities). Referring to 
Table 2, this is especially true at the higher RPM and Re, where 
δ ≈ 1 − 2k. 

3.2. IR Measurements 

3.2.1. Smooth Configuration 
On a heated surface, IRT measurements would show that a separated 

region of flow cools down at rate much lower than for an attached flow. 
The same would be true for an LSB, the region of almost stationary or 
low velocity flow will undergo very slow temperature change compared 
to an attached laminar or turbulent flow with the rate of change in the 
latter being greater. A qualitative assessment of the temporal evolution 
of the normalised pixel intensity between suspected laminar and tur
bulent regions is presented in Fig. 6. To asses the differences between 
laminar and turbulent regions, the In (temperature higher with 
increasing In) was probed at six positions along the span of the rotor, 
with A,B and C located in a region where the flow is suspected to be 
turbulent and positions D, E and F in a possible laminar or separated 
region of flow. For positions A, B and C, the In decays rapidly due to high 
heat transfer between the flow and the blade surface, indicating more 
mixing and possibly a turbulent flow. Locations D, E and F could be in a 
region of low velocity, as the rate of change in temperature is lower and 
could correspond to lower velocities (such as in laminar separation or an 

Fig. 3. Evolution of the coefficient of thrust with rotation speed for a) P1; b) P2 configurations. Error bars report the uncertainty for a 95% confidence interval.  

Fig. 4. Evolution of the figure of merit with rotation speed for a) P1; b) P2 configurations. Error bars report the uncertainty for a 95% confidence interval.  
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LSB). Similar interpretations of IR data have been made by [19,20,24] to 
identify laminar, separated and turbulent regions of flow. Furthermore, 
experimental investigations with IRT and PIV measurements over a 
NACA0015 rotor by Lang et al. [23] and over a fixed aerofoil by [19], 
found IRT temperature signatures similar to those in the present work 
(Fig. 8) corresponded to LSBs. Whilst the low velocity regions (D, E and 
F) show similar behaviour in terms of rate of temperature change the 
flow is expected to behave rather differently from a laminar recirculat
ing bubble over an unswept or 2D wing, where it retains spanwise 
uniformity. This is due to the fully 3D topology of flow as depicted in 

Fig. 6b. 
The time averaged IR measurements of the smooth, NoR configura

tion are presented in Fig. 7, for three different rotational speeds. The 3D 
nature of the flow is clearer, where the spanwise (radial) non-uniformity 
is accentuated with increasing rotational speed. Starting from the blade 
tip, the low levels of In could correspond to a turbulent flow or a possible 
tip vortex, even at low RPM, due to the high heat transfer rate between 
the blade surface and the higher energy flow. From Fig. 8 the rates of 
change in temperature along the chord in this region remains small due 
to the almost constant nature of the streamwise vorticity magnitude 

Fig. 5. Power loading curves for a) P1; b) P2 configurations.  

Fig. 6. a) IR measurements of NACA 0012 (NoR configuration) rotor at 3000 rpm; b) The differential temporal decay (In − In0) of the normalized pixel intensity 
(cooling) in a region of relatively stagnant temperature (D,E,F) and a region of rapid decay (A,B,C). The time axis (x) is normalized by tip velocity (Utip) and aerofoil 
chord (c). 
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Fig. 7. IR measurements of NACA 0012 rotor for the Smooth (NoR) configuration.  

Fig. 8. Chordwise evolution of In for radial positions of r/R  = 0.65, 0.75, 0.85, 0.99 for rotational speeds of 1000, 3000 and 6500 RPM for the Smooth (NoR) 
configuration. 

Fig. 9. IRT measurements of the 2D roughness configurations, where the blue line represents the tripping location. a) 2DRP1; b) 2DRP2.  
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along the turbulent flow or possible tip vortex, however from Fig. 7 the 
turbulent flow region propagates further inboard with increase in 
rotational speed. 

The chordwise evolution of the pixel intensity is essentially the 
Stanton Number. A local quantitative assessment can be made from the 
chordwise profiles of In presented in Fig. 8, the maxima in pixel intensity 
indicates the region with low velocity similar to that in a separation 
bubble and rapid change in pixel intensity downstream would be due to 
high mixing turbulent flow. Therefore, here the location of maximum In, 
corresponds to the minimal value in skin friction and can be considered 
as occurring near the end of the transition process where further 
downstream turbulent reattachment could occur (if similarity was to be 
drawn with laminar separation bubble). The evolution of the pixel in
tensity to study transition has been adopted by [19,22,23]. 

3.2.2. 2D Roughness Configurations 
The IR images of the 2D roughness configurations are presented in 

Fig. 9, with blue lines denoting the location of the 100μm wire. One of 
the major effects of the upstream 2D boundary layer trip is that the flow 
topology becomes more uniform in span (2D) compared to the untripped 
case, where a clear spanwisely varying (3D) flow topology was observed 
(refer to Fig. 7.). In the IR images, the low levels In should correspond to 
a turbulent flow. For the 2DRP1 configurations boundary layer transi
tion appears to take place downstream of the wire as the Reynolds 
number is increased, which is expected as the boundary layer would be 
less stable. For the 2DRP2 configurations, an increase in the Reynolds 
number has the same effect, with the region of low pixel intensity 
moving closer to the wire. When the wire is at 0.28c, the transition front 
moves further downstream of the wire, compared to when it is placed at 
0.05c. This is due to the fact that the boundary layer would be thicker at 
0.28c than at 0.05c (refer to Table 2), therefore the wire could provide a 
smaller disturbance in the boundary layer. As the wire height increases 
with respect to δ the transition front will move upstream, closer to the 
wire. As for a 3D isolated roughness element (for example, refer to 
Fig. 2), there should be a critical roughness Reynolds number for which 
the flow will transition immediately downstream of the 2D wire. For 
radial positions where δ is close to the size of the wire, transition occurs 
rapidly downstream of the wire. For instance, in the 2DRP1 configura
tions, at 1000 RPM (where δ is 2 − 3× the wire height) the flow remains 
relatively undisturbed compared to 6500 RPM (where δ is 0.7 − 1.1× the 
wire height) where the flow appears to have been impacted by the 
presence of the wire and is possibly turbulent over most of the rotor 
blade (refer to Figs. 9a and b). The higher values of In behind the wire for 
6500 RPM and partially for 3000 RPM in the 2DRP2 configuration 
(Fig. 9b) could be due to the wire causing the flow to separate, which 
would result in performance loss. 

3.2.3. 3D Roughness Configurations 
In this section, the results of boundary layer tripping via isolated 

cylindrical roughness elements are presented. Three roughness spacings 
at the same chordwise positions as in the 2D configurations were tested, 
making a total of six configurations. We observe the formation of tur
bulent wakes and wedges behind the roughness elements. The half- 
wedge angle, β is used to characterize a turbulent wedge which occurs 
once the wakes generated by the roughness elements have broken down 
or modal transition is bypassed where the wedge will form immediately 
downstream of the roughness. From the literature the value of β is 
typically between 5◦ − 10◦[33–35]. Turbulent wedges have been 
observed in many boundary layer transition problems for decades, yet 
the physical mechanism that drives spreading or even the value of β is 
not fully understood [33]. In the present work, the values of β were 
measured from the IR images and found to be between approximately 
5◦ − 13◦. Referring to Fig. 10, it can be observed that β increases with 
radial position and also at higher RPM. Beyond r/R ≈ 0.75, the value β is 
larger than in previous studies [33–35] this could be due to the fact that 
δ is much smaller than the height of the isolated roughness element 

(Refer to Table 2). 
Once the critical roughness Reynolds number is attained the streaks 

downstream of the isolated roughness break down into turbulent wedges 
as observed during very early experiments of Gregory and Walker [32]. 
At larger roughness Reynolds numbers the breakdown could occur 
immediately downstream of the roughness element, which is the case in 
the present work. Referring to Figs. 11–13, slight radial tilting of the 
wakes generated by the roughness elements is observed. The radial 
tilting appears to be largest near the root of the blade and decreases as r/ 
R is increased. This point will be revisited in the discussion section. 

In the majority of cases tested, turbulent wedges are observed right 
after the roughness element which is explained by the fact that the 
roughness elements are close to the size of the approximated boundary 
layer. From our measurements we observe that when the roughness 
Reynolds number, 

̅̅̅̅̅̅̅̅
Rek

√
≈ 17 − 25 turbulent wedges would develop, 

below this value the wakes generated by the roughness elements did not 
undergo break down. The results agree with previous work by [31,32], 
and demonstrate that the current experimental technique can be used 
for detecting transition over rotors applicable to MAS. 

4. Discussion 

The importance of modelling boundary layer transition reliably on 
rotor blades was demonstrated by Richez et al. [36] while trying to 
match their numerical simulation with experimental results. Here, from 
the force balance measurements when the boundary layer trip was 
introduced, overall deterioration in performance was observed in com
parison to the smooth untripped rotor case, highlighting the importance 
of boundary layer transition on the performance of rotors. A similar 
effect was reported on scaled helicopter rotor blades at much higher 

Fig. 10. a) Wedge half-angle (β) measurement from IR images; b) β where ◇ 
and ∘ denote configurations at 6500 and 3000 RPM, respectively. Filled symbols 
denote the 3DR4S configuration and empty symbols denote the 3DR3S symbols. 
The grey band represents the range of β in the literature [33–35]. Configura
tions at 1000 RPM are not presented because wedges have did not form and the 
3DR2S configurations are not presented because the turbulent wedges were to 
tightly spaced to make accurate measurements. The approximate uncertainty of 
the value of β is estimated to be 1◦. 
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Reynolds numbers (Re∼ 106) by Overmeyer and Martin [37]. The ef
fects of early transition on rotor performance is still not fully understood 
over a wide range of Reynolds numbers. For example, Jung and Baeder 
[38] conducted numerical simulations on a wind turbine rotor and 
found that forcing transition with optimal distributed surface roughness 
affects the performance differently depending on the state of the 
boundary layer. They found that in the presence of separated flows the 

addition of upstream roughness could increase the performance up to 
23.3% whereas it would result in a decrease of 8.3% for an attached 
flow. Recent numerical simulations on a rotor similar to the NASA Mars 
helicopter by Argus et al. [11] at Re ⩽1× 105, representative of the 
current experiment, showed that early transition caused by a decreased 
critical amplification factor resulted in a thrust increase through the 
elimination of laminar separation. At higher Re the benefit of early 

Fig. 11. IRT measurements of the 3D roughness high packing density configurations. a) 3DR2SP1;b) 3DR2SP2.  

Fig. 12. IRT measurements of the 3D roughness medium packing density configurations. a) 3DR3SP1;b) 3DR3SP2.  

Fig. 13. IRT measurements of the 3D roughness low packing density configurations. a) 3DR4SP1; b) 3DR4SP2.  
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transition diminished and became detrimental for the thrust produced 
by the rotor. They showed that the FM could be increased by 40% when 
the N-factor which is a measure of the growth rate of the perturbation in 
boundary layers (with lower value corresponding to higher growth rate) 
was reduced from 11 to 3. Here, improvement in the FM observed by 
Argus et al. [11] is not as straight forward, as early transition is fostered 
by roughness elements, which do not disrupt the flow in the same way as 
the variation of the critical amplification factor. Variation of the critical 
amplification factor changes the amount of perturbation growth in the 
boundary layer required for transition to occur whereas the addition of 
roughness elements adds a perturbation to the flow, and possibly 
bypassing the transition process all together. Since the current experi
ment was focused mainly on assessing the reliability of the IRT mea
surements for the characterisation of the topology of the flow on reduced 
size MAV rotors, no particular care was taken in identifying the optimal 
roughness size for boundary layer tripping to avoid excrescence drag 
which will act to degrade the performance of the rotor. In this case the 
torque which constitutes most of the drag will be more significantly 
affected as opposed to the thrust where lift plays a major contribution. 
Therefore, during the current investigation it was preferable to separate 
the analysis of the thrust characteristic from the torque, of course to the 
detriment of the FM which is a better representation of the overall 
performance. Performance improvement due to boundary layer tripping 
is more difficult to achieve in rotary wing configurations than in fixed 
wing configurations, due to the chord based Reynolds number being 
constant for the entire span of the fixed wing compared to the varying 
Reynolds number in the rotary configuration. Therefore, for a MAV rotor 
only a small section of the span of the blade could be in a Reynolds 
number regime that is appropriate for the boundary layer trip, in the 
other sections the trip could be detrimental to the performance. 

Increasing the inter spacing between the 3D isolated roughness ele
ments leads to a reduction in excrescence drag and increase in the FM 
due to a lesser number of roughness elements. Any benefits that the 
roughness could have (for example eliminating possible boundary sep
aration) is thus counteracted by the higher drag. There could be a 
optimal ratio between roughness height and boundary layer thickness 
which would promote an increase in performance. For example optimal 
tripping could consist of varying the height of the roughness as a func
tion of radial position, where the height of the trip would decrease as we 
approach the blade tip, since the boundary layer thickness becomes 
thinner with increasing radial position. 

From Fig. 3b the effect of more efficient tripping can be observed 
through the increase in thrust at lower Reynolds number (Re ⩽1× 105) 
for the 2D roughness which performs better than the smooth case and all 
3D roughness cases. At higher Reynolds numbers the thrust from the 2D 
roughness configurations starts to level-off with the smooth case indi
cating that in this regime a natural transition and reattachment might be 
taking place in some region of the smooth case itself. From a pure 
sectional analysis an efficient tripping of the boundary layer as 
confirmed from Fig. 9b would lead to an increase in sectional lift as the 
laminar separation region would be eliminated. The reduced zone of 
laminar separation region with increasing Reynolds number, a direct 
consequence of increasing RPM can be observed from Fig. 8. However, 
the increase in skin friction drag due to earlier transition from the 2D 
tripping would lead to an increase in total drag, thus reduction in FM as 
seen in Fig. 4. The trip wire also appeared to promote a more uniform 
transition whereas the 3D roughness resulted in localised effect and 
approached the 2D tripping condition with tighter spacing. However, 
since the 3D roughness height was higher this resulted in larger 
excrescence drag, again affecting torque, hence the FM, which was 
improved when the inter-roughness spacing and total number of discrete 
elements was reduced. 

The sensitivity to the Reynolds number was clearer from the 3D 
roughness with the coarser spacing. In Fig. 13, for a moderate RPM of 
3000 the development of the wake downstream of the roughness into 
fully turbulent wedges was accelerated in the outboard region of the 

rotor blade due to the increase in the Reynolds number along the radial 
position. From early studies of Von Doenhoff and Braslow [31], an 
empirical correlation based on the height and diameter of the roughness 
element could predict when the turbulent wedge would form immedi
ately after the roughness element, for the present roughness the critical 
roughness Reynolds number is 

̅̅̅̅̅̅̅̅
Rek

√
≈ 17. Gregory and Walker [32] 

demonstrated that for 
̅̅̅̅̅̅̅̅
Rek

√
> 25 immediate non-linear development 

into fully a turbulent wedge would take place instead of linear ampli
fication of the wake, a transition mechanism usually referred to as 
‘bypass’ in the literature. From Fig. 2, for RPM ⩾3000, in the region 
where r/R⩾0.7 the roughness Reynolds number, 

̅̅̅̅̅̅̅̅
Rek

√
> 17 and there

fore the rapid breakdown of the wakes into wedges in this region is in 
line with the criterion proposed in the literature. Furthermore, when the 
roughness height is above δ the turbulent wedge increases in spanwise 
size near the roughness element, which is what is observed in Gregory 
and Walker [32]. As demonstrated in Fig. 10, the size of the half-wedge 
angle, β agrees with previous literature when r/R ≤ 0.7, [33–35]. 
Beyond r/R = 0.7, the values of β are slightly larger than in the litera
ture and can be explained by the fact that the levels of motion blur are 
higher near the blade tip. Additionally, the higher values of β could also 
be due to a possible tip vortex contaminating the flow, this additional 
perturbation could increase the value of β. The mechanism of transition 
tripping from 3D roughness is significantly more complex and very 
recently Loiseau et al. [39] and Puckert and Rist [40] demonstrated 
using DNS and experiment, respectively, that it is through a global 
instability process, which is well beyond the scope of the current study. 
But, despite the highly 3D nature of the flow it is interesting to note that 
this semi-empirical criterion can still be used as an indicator for tran
sition into fully developed wedges, an observation also made by Loiseau 
et al. [39]. 

Referring to Figs. 11–13, there appears to be slight radial tilting of 
the undeveloped wakes that could be caused by a spanwise flow over the 
rotor, which would be generated by the pressure gradient or rotational 
forces, or a combination of both. Lentnik and Dickinson [41] demon
strated that a dimensionless parameter used to quantify the relative 
contribution of the convective flow acceleration to Coriolis and cen
trifugal accelerations, the Rossby number, Ro, for a rotor blade with no 
approach velocity can be defined as Ro = AR. Therefore, for the current 
rotor, with AR = 5, the rotational forces should be of the same order of 
magnitude as the convective forces. Weiss et al. [42] found that when 
the local AR = 4.76, there are no effects of rotational forces on the 
boundary layer transition or chordwise extent of laminar flow over a 
DSA-9A aerofoil rotor. Further numerical simulations by Hernandez 
[43] over a NACA0015 rotor showed that rotational forces can have a 
stabilising effect on boundary transition when Ro tended towards 1. 
These encourages further investigation of rotational effects on boundary 
layer transition and suggest that the traditional sectional analysis 
coupled with blade element momentum theory might not be sufficient to 
explain the transition process and therefore their reliability for low 
Reynolds number rotor design and optimisation should be verified. 

5. Conclusion 

The feasibility of conducting an experiment that allows the assess
ment of the effect of boundary layer transition on a reduced size and low 
Reynolds number rotor has been demonstrated. The rotation of the rotor 
imposes serious constraints with regards to detailed characterisation of 
the flow, but here we have demonstrated that coupled force balance and 
phase-locked IR-thermography measurements can help in gaining more 
insight into the flow topology and states which can have an impact on 
performance. The effect of boundary layer transition or suppression of a 
laminar separation at low Reynolds number, on the performance of the 
rotor is confirmed on a highly simplified configuration and therefore this 
accentuates the importance of transition modelling during the design 
and optimisation of low Reynolds number rotors. Tripping the boundary 
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layer or suppression of the laminar separation can also have an effect on 
aeroacoustic or aeroelastic performance; therefore further investigation 
will be encouraged. Even if in this specific case a general decrease in 
performance was observed due to early transition, some indications of a 
positive effect on performance are present. Therefore, further investi
gation should be conducted on the effects the state the boundary layer 
has on MAV rotor performance, for example, profile optimisation, 
elimination of boundary layer separation, optimized boundary layer 
trips which limit the amount of excrescence drag, different rotor con
figurations and the impact of freestream turbulence on the boundary 
layer transition mechanisms. The complex fully 3D flow topology and 
radial curling of the undeveloped wakes from the 3D roughness suggests 
that there is strong spanwise flow due to the interactions between the 
rotational accelerations and streamwise and radial pressure gradients. 
Therefore, this calls for further understanding of the effect of rotational 
forces or Rossby number on the transition mechanism to improve 
transition prediction and optimisation of low Reynolds number rotors. 
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