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ABSTRACT

An experimental investigation on the flow topology
and performance of 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 simultancous force and torque
measurements were used to study a three bladed
NACAO0012 rotor with a radius of 0.125 m and an angle
of attack of 10 degrees. Boundary layer transition was
fostered using two-dimensional (2D) and three-
dimensional (3D) isolated roughness elements, placed at
approximately 5% and 28% of the rotor blades chord. In
the smooth rotor configuration, a 3D flow topology is
observed, consisting of a clear laminar region closer to
the blade root and a turbulent region at the blade tip. It
was found that the state of the boundary layer can
significantly affect the rotor’s performance, with the
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 systems (MAS) and unmanned
aerial systems (UAS). This encourages us to rethink the
way conventional aerodynamic design is conducted, as
these vehicles operate within a Reynolds number (Re =
Vipe /v ) regime of 10° < Re < 10° where one can expect
that the flow remains laminar to a greater extent but is
still susceptible to transition. Understanding the impact
of boundary layer transition 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 separation in the low Reynolds number
regime.

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 (<10°) an LSB will be promoted in this recovery
or adverse pressure gradient region, significantly
modifying the pressure distribution of the aerofoil.
Environmental perturbations can be convected within the
separation bubble and grow very rapidly leading to
transition of the detached shear layer and reattachment to
a turbulent state (Gaster 1967; Haggmark et al., 2000;
Marxen et al., 2003a; Hosseinverdi and Fasel, 2019).

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 (2013) 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. Koning
et al. (2018) found little influence of the Mach number
on the laminar-turbulent transition for low Re rotors. A
recent study on the NASA Mars helicopter rover by
Argus et al. (2020), used mid-fidelity RANS simulations
coupled with a Blade Element Momentum Theory model
to find that at Re = 20x10° and 80x10° increasing the
critical N-factor (an approximate measure of disturbance
amplification to induce laminar to turbulent 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
occurred.

Experimental investigations on boundary layer
transition for rotor blades are relatively scarce. For
example, some previous studies consisted of flow
visualization with acenaphthene on full model scale
rotors (Tanner and Yaggy 1966; McCroskey 1971).
Contemporary boundary layer transition research on
rotors commonly uses Infrared (IR) thermography, where



investigations on laminar to turbulent transition in rotary
wing configurations entail more experimental difficulties
than in fixed wing configurations. Richter and Schiilein
(2014) used high-speed IRT on 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 evolution of the pixel intensity for the entire rotor
blade from a single IR image. Lang et al. (2015) 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 Re where the bubble was measured was
140x10°. 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. More recently, Thiessen and Schiilein
(2019) made a worthy experimental effort to understand
the transition over a low Reynolds number rotor. They
used IRT on a quadcopter rotor using laser heating. They
suggest that there exists a region of separated flow, which
they state to be an LSB that forms over the rotor blade,
oil film topography measurements yielded further
confirmation. The laminar separation 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 measurements conducted on a
model which has a higher surface temperature than the
free stream allows for identification of turbulent regions
(low temperature), separated regions (high temperature)
and laminar regions (medium temperature regions).

The objective of the present work is to
demonstrate the feasibility of IR thermography to study
boundary layer transition over small rotors at low
Reynolds numbers and generate further insight into the
3D flow topology which will help in identifying the
transition possible transition mechanisms.

2. METHODOLOGY
2.1. Experimental Setup

The experimental set up and test configurations are
presented in Fig 1. The rotor had three blades with a
NACAO0012 profile, with a constant geometrical angle of
attack 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 rotor having an aspect ratio (AR = R / ¢) of 5. Phase
locked IRT was used to capture the temperature
distribution of rotor blade surface. A Briiel & Kjar
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 SO00W
halogen lamp was used to heat-up the surface of the blade
of interest. The experimental setup and test
configurations are presented in Fig. 1.

Two chordwise positions for the roughness elements
where used with the objective of investigating the impact
of the roughness size with respect to the boundary layer
thickness on transition. Where further downstream the
boundary layer is expected to be thicker, resulting in the
roughness element to have a smaller impact. The 2D
roughness consisted of a carefully glued 100pum wire and
the 3D roughness was comprised of adhesive laser pre-
cut cylindrical discrete roughness elements 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 pm. 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 2DR 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 0.05¢ and
0.28c, respectively. The rotational speed, Q, was varied
from 1000 to 6500 RPM, yielding a Reynolds number
range of 6.2x10° to 144x10° based on radial speed,
corresponding to a blade tip velocity of 13 — 85 m/s.
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Figure 1. Experimental setup and test configurations

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 wall, due to a higher
value of skin friction, ¢;. By means of the Reynolds
assumption (Richter and Shiilein 2014), the Stanton
number illustrates this behavior and is defined in Eq. 1,
where h denotes the heat transfer coefficient, p is the
fluid density, U, is the flow velocity and Cp is the
pressure coefficient.

h i )]

pc,Us T2

St =

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 wall and outer flow than in a laminar flow
region. Therefore the temperature (pixel intensity) will
vary differently 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 compared reliably.

Before starting the IR measurement, the blade of
interest was systematically heated by the lamp at a
distance of 0.15 m for 10 seconds. 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. 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. 2, where 6,
represents the volumetric thermal expansion coefficient.
The model wall temperature, a denotes the rotational
acceleration ( a = U2, / r), and the ambient air

tip
temperature are denoted by 7', and T _, respectively.
Ri = (IQC(TU) - Too)/Uthpa (2)

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 1/R is increased, therefore
natural convection effects on the flow can be neglected.

The high speed and high resolution IR camera
(Telops Fast M3k) was used to characterize the flow
topology of the rotor, where the pixel intensity is used to
approximate the state of the boundary layer. The camera
had 320 x 256 pixel spatial resolution, a typical Noise
Equivalent Temperature Difference (NETD) of 25 mK

and operated in the 1.5 — 5.4 pm spectral range and was
positioned 0.4m 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 71ps, allowing for a good compromise
between camera noise and motion 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. There were at least 500 phase locked
images captured for each run.

3. RESULTS

The following section presents the results of the force and
torque measurements followed by the results of the IR
measurements for both untripped (smooth) and tripped
(2D and 3D roughness) configurations.

3.1.Force Measurements

Thrust and torque measurements were conducted
simultaneously with IR camera measurements. The
Figure of Merit (FM) and Power Loading (PL) are
defined in Eqgs. 3 and 4, Where T is the thrust, Q is the
torque, p is the density of the ambient air, Q 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
the state of the boundary layer on a rotor operating at low
Reynolds number can significantly affect the
performance.

FM = T3/%/ QQv2rR? 3)
PL =T/ QQ “4)

Referring to Figs. 2 an 3., 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 roughness plays a significant role in
the transition process and performance 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 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. At the higher RPM and Re, the displacement
thickness (approximately 2-3 times smaller than d,
indicating that the roughness has a height beyond the
critical height.) is smaller than the roughness element.
The chordwise position of the roughness elements has a
significant impact on the rotor performance.
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3.2.IR Measurements

In this section the results of the IR thermography
measurements are presented. The smooth rotor
configuration is presented in 3.2.1 and the configurations
with boundary layer tripping are presented in 3.2.2 and
3.2.3.

3.2.1 Smooth configuration

The time averaged IR measurements of the
clean, NoR configuration are presented in Fig. 4. For the
three different rotational speeds the 3D nature of the flow
is clear, where the spanwise (radial) non-uniformity is
accentuated with increasing rotational speed.
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Figure 4. IR measurements of NACA 0012 rotor



Due to the experimental difficulty in measuring
the boundary layer thickness (&) over a rotating surface,
the 6 was calculated using ONERA’s in house boundary
layer code 3C3D. The coefficient of pressure (C,) over
the suction side of the rotor aerofoil was calculated using
XFOIL. The local angle of attack was approximated with
Blade Element Momentum Theory (BEMT) for the
Reynolds number range investigated. The approximation
of the range the values of § are presented in Table 1.

Q Rex 10° | Rex 10 89.05¢ 8 05c 8 28 89.28¢
r/R=0.3) | @/R=1) | @/R=0.3)| @/R=1) [ (®R=0.3) | @/R=1)
1000 | 6.2 22 0.321 0.204 1.102 1.081
3000 | 19 66 0.182 0.131 0.633 0.615
6500 | 40 144 0.128 0.089 0.435 0.344

Table 1. Estimated boundary layer thickness (in mm)
near the rotor blade root (/R = 0.3) and rotor blade tip
(/R = 1) and corresponding Reynolds numbers for 1000,
3000 and 6500 RPM.

Referring to Fig 5, the location where 91y / 0x ~
0 corresponds to where the skin friction is zero (Richter
and Schiilein 2014). The chordwise evolution of the
pixel intensity is essentially the Stanton Number. The
maxima in pixel intensity should indicate the region with
low momentum 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 where 01y / 0x ~ 0, the minimal value in skin
friction can be considered as the end of the transition
process (if similarity was to be drawn with laminar
separation bubble) and the point where a turbulent
reattachment occurs.

On a heated surface, IR thermography
measurements would show that a separated region of
flow will cool down at a rate much slower than an
attached flow. The same is true for an LSB, the region of
almost stationary or low momentum 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. Referring to Fig. 6, the normalized
pixel intensity ( Iy, temperature higher with increasing
Iyy) was probed at six positions along the span of the rotor,
with P1- P3 located in a region where the flow is
suspected to be turbulent and P4 - P6 could be in a region
of low momentum flow in the chordwise direction as in
an LSB or laminar separation, which aggress with the
rationale used by Miozzi et al. (2019), Thiessen and
Schiilein (2019), Wynnychuck and Yarusevych (2019)
From the temporal pixel intensity evolution presented in
Fig. 6 the difference between the inboard and the
outboard station shows a variation of pixel intensity,
which in turn, could imply a variation in the state of the
flow.

1000 RPM
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~4-/R=0.65
-®-/R=0.75
-%-1/R=0.85
-4 1/R=0.99

6500 RPM

0 0.5 1
x/c

Figure 5. Chordwise evolution of /v for radial positions
of /R = 0.65, 0.75, 0.85, 0.99 for rotational speeds of
1000, 3000 and 6500 RPM.

In the regions of P4, P5 and P6 the evolution of
Iy remains relatively constant confirming the presence of
a low momentum region, compared to positions P1, P2
and P3 where Iy decays rapidly due to higher mixing
possibly indicating the presence of a turbulent flow.
Similar behaviour of low Reynolds number flows was
demonstrated via IRT and PIV measurements by Lang et
al. 2015 over arotor and Miozzi et al. (2019) over a fixed
aerofoil, both operating in a similar Reynolds number
range as in the present work. Even if the low momentum
regions (P1, P2 and P3) show similar behaviour in terms
of rate of temperature change the flow is expected to
behave rather differently from a laminar recirculating
bubble over an upswept or 2D wing, where it retains
spanwise uniformity.
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Figure. 6 Top: IR measurements of NACA 0012 (NoR
configuration) rotor at 3000 rpm; Bottom: The
differential temporal decay (Iy — Iy,) of the normalized
pixel intensity (cooling) in a region of relatively stagnant
temperature (P4-P6) and a region of rapid decay (P1-P3).
The time axis (x) is normalized by tip velocity (Vip) and
aerofoil chord.

3.2.2 2D Roughness configuration

The time averaged IR images of the 2D
roughness configurations are presented in Fig. 7, with
blue lines denoting the location of the 100um trip. 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 4.). Additionally, when the boundary layer
trip is moved downstream, to a position of 0.28¢, we can
see that the pixel intensity abruptly decreases
downstream of the wire, which suggests that the flow
could transition in this region. This is due to the fact that
the boundary layer would be thicker at 0.28¢ than at
0.05¢, therefore the wire could provide a smaller
disturbance in the boundary layer. As the Reynolds
number increases, region of low pixel intensity moves
upstream, signifying that the transition position in the
2DRP2 configuration moves closer to the wire which is
expected as the boundary layer would be less stable. A
similar observation can be made for the 2DRPI
configurations, where at 1000 RPM the flow topology
remains similar to that on the clean aerofoil case
indicating that the trip was not effective in tripping the
boundary layer compared to 6500 RPM 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 Fig. 7).
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Figure 7. IRT measurements of the 2D roughness
configurations, where the blue line represents the tripping
location. Top: 2DRP1; Bottom: 2DRP2

3.2.3 3D Roughness configurations

The IR measurements for the 3D roughness
configurations at 5% and 28% are presented in Figs 8-10.
We observe the formation of turbulent wakes and wedges
behind the roughness elements.

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 (1956),
where at larger roughness Reynolds numbers the
breakdown could occur immediately downstream of the



roughness element. In the majority of cases tested,
turbulent wedges are observed right after the roughness
element and is explained by the fact the roughness
elements are close to the height of the approximated
boundary layer (Refer to Table 1.).

The wedge angle increases gradually as the
rotation speed increases and the more extreme angles
occur near the rotor blade tip, which could be larger due
to blade tip vortices contaminating the turbulent wedge.
At lower Reynolds numbers, the streaks might not
breakdown at all (as seen at low RPMs in the present
case), by increasing the Reynolds number, the streaks
breakdown earlier and the wedge moves upstream, closer
to the roughness, a further increase in the Reynolds
number will promote immediate breakdown.

Finally, referring to Figs. 8-10, slight radial
tilting of the undeveloped wakes generated by the
roughness elements is observed. This could be due to the
spanwise flow generated by the pressure gradient or
rotational forces. As the radial position increases the
radial tilting decreases and the wakes breakdown into
turbulent wedges.
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Figure 8. IRT measurements of the 3D roughness high
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4. DISCUSSION

Tripping the boundary layer with roughness
demonstrated a significant performance loss, however it
is important to note that the roughness height was not
optimized in the present work, resulting in the boundary
layer being “over tripped”. As mentioned in the results
section, there could be a separated region of flow over the
rotor and the addition of the optimal roughness could
improve the performance. Systematic investigations on
the impact of boundary layer trip height on rotor
performance are warranted. The FM and PL increase
when the roughness elements are moved from 0.05c to
0.28c. This is explained by the fact that the boundary
layer thickness increases as the flow moves downstream.
For example, at 3000 RPM, 8 g5 =0.131 mm and & 5,
=0.633 mm, the 2D wire (0.1mm thick) and 3D isolated
roughness elements (0.2 mm) will indeed provide a
smaller perturbation to the boundary layer, resulting in
transition occurring further downstream of the roughness
element. At lower values of RPM and Reynolds number,
where the roughness height is approximately 5 times
smaller than the boundary thickness, the FM is
unaffected by the presence of the roughness.

The impact of boundary layer transition on
helicopter rotors (larger Re ~ 10°) performance is known
to be detrimental. For example, Overmeyer and Martin
2017 investigated the impact of the boundary layer
transition on a Mach scaled helicopter rotor. They found
that when the transition was forced using roughness
elements (placed at 0.05c) the FM decreased
significantly. Richez et al. 2017 demonstrated that
selecting the correct transition model in numerical
simulations over a helicopter blade is critical to
reproducing experimental data.

Experimental studies on the effects of roughness
on transition for low Reynolds (Re = 10* — 10°) number
rotor are scarce, therefore it is difficult to compare results
to previous work. However, recent simulations on the
NASA Mars rotor (Argus et al. 2020) showed that at
lower Reynolds numbers configurations (Re < 100E3)
the thrust generated by the rotor was slightly larger when
transition occurred earlier (smaller critical N-factor)
compared to when transition occurred later (larger
critical N-factor). They suggested that earlier transition
could eliminate boundary layer separation, resulting in a
performance gain. At higher Re the benefit of early
transition diminished and became detrimental for the
thrust produced by the rotor. A similar trend was
observed in the FM, where increasing critical N-Factors
from 3 to 11 decreased the FM of the rotor by
approximately 40%. This contradicts the present results,



however, we must state, that the rotor studied in Argus et
al. (2020) had a much larger AR and transition was
induced by decreasing the N-factor, meaning that the
transition mechanism was different to the current work,
where modal transition is bypassed with the roughness
element.

In addition to the impact on performance,
tripping the boundary layer with different roughness
configurations significantly changes the flow topology
over the surface of the rotor. In the case where the
boundary layer is tripped via 3D roughness, possible
tilting of the wakes downstream of the roughness
elements is present, especially when they were yet to
develop into turbulent wedges. From our measurements
we observe that when the roughness Reynolds number,
/ Rey (based on roughness height and the local tangential
velocity component, Vieew = Qr) is larger than
approximately 40 the turbulent wedge will develop,
below this value the wakes generated by the roughness
elements did not undergo break down. Previous work by
Braslow (1960), demonstrated roughness could induce
transition when /Re, was approximately 20 — 30,
therefore the current results are not surprising.

When the roughness elements are located at
0.28¢ the turbulent wedges also formed ./ Re, =
40 however they appear further downstream of the
roughness element compared to the 0.05¢ configurations,
due to the fact that the boundary layer is thicker at this
position (refer to Table 1). Between the turbulent wedges
and further downstream, the pixel intensity continues to
increase and reaches a similar pixel intensity as in the
wedge, which could allow for natural boundary transition
to occur as observed in Richer and Schiilein (2014). As
the spacing between the roughness elements decreases
the flow transitions further upstream due to the turbulent
wedges interacting with each other.

The flow topology measurements show that the
type of tripping 2D or 3D can modify the transition front
significantly. According to 2D modal stability theory a
critical 3D roughness will introduce a larger perturbation
to the boundary layer as opposed to an equivalent 2D
roughness. But here we observed that despite being twice
lower in height the 2D roughness was more efficient in
tripping the flow than the 3D roughness.

The slight radial tilting of the undeveloped wakes
(Refer to Figs. 8-10) could be caused by a spanwise flow
over the rotor, which will be generated by the pressure
gradient or rotational forces, or a combination of both. In
the present case, since there is no approach velocity AR
= Ro, where the Rossby number is a dimensionless
parameter to measure the relative contribution of the
convective flow acceleration to Coriolis and centrifugal
acceleration. Therefore, for a rotor with AR = 5, the
rotational forces should be in the same order of
magnitude as the convective forces. Weiss, et al. 2019
found that when the local AR is 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. Numerical simulations by Hernandez (2012) over
a NACAO0015 rotor showed that rotational forces can
have a stabilizing effect on boundary transition when Ro
tended towards 1.

5. CONCLUSION

The performance and flow topology of a three
bladed NACA 0012 rotor was investigated using IR
thermography with simultaneous force and torque
measurements to address the knowledge gap of the
impact of laminar to turbulent transition on rotors
operating in the low Reynolds number range of 10° to
10°.

It was demonstrated that the state of the boundary
layer has a significant effect on the performance of the
rotor. Forcing laminar to turbulent transition with
roughness results in a significant decrease in FM and PL.
Roughness configurations with tight packing resulted in
the largest performance losses and more sparse
configurations where found to have almost the same
performance as in the smooth reference case at lower
RPM.

A 3D flow topology is observed, where a 3D
separated region of flow is suspected based on the
evolution of the temperature following that of Cr
distribution for a separated flow. However the existence
of this 3D separated region cannot be exclusively
confirmed from the present measurements.

Even if transition is seen to have a detrimental effect
in this non-optimized rotor configuration, during multi-
physics optimisation a compromise with aero-acoustic or
aeroelastic performance could be achieved through
boundary layer tripping. Therefore an understanding of
the unperturbed flow topology becomes necessary for the
placement of the optimal boundary layer trip.

Finally, the feasibility of conducting boundary layer
transition experiments on a small rotor (radius of 12.5
cm, AR = 5) operating at low Reynolds numbers (10°-
10°) was demonstrated.
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