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Abstract
Two teams optimized low Reynolds number rotors with the goal of improving hover and loiter performance
of a small commercial off the shelf quadrotor unmanned aerial system. The resulting rotors were con-
structed and tested against the baseline system hover. The optimized rotors achieved 6% and 3% increases
in figure of merit at the design 1.5 Ibf thrust in hover, while carefully chosen boundary layer trips improved
low RPM performance of one optimized rotor. IR thermography identified the qualitative location and ex-
tent of laminar separation bubbles and turbulent transition on the upper rotor surface. The IR images reveal
large differences in the boundary layer structure between the baseline and two optimized rotors, with sepa-
ration and reattachment occurring further forward and over a smaller chordwise extent in the optimized
rotors. After optimization, a mid-fidelity lifting line coupled vortex particle code and high-fidelity Helios CFD
code were used to simulate the baseline and one optimized rotor system.
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Acronyms:

FM Figure of Merit

IR Infrared

LE Leading edge

LDe Effective lift to drag ratio

LSB Laminar Separation Bubble
NURBS Non-Uniform Rational B-Spline

RPM Revolutions per minute
TE Trailing edge
UAS Unmanned aerial system

2. INTRODUCTION

Group 1 (Ref. 1) rotary wing unmanned aerial sys-
tems, weighing less than 21 Ib, often employ fixed
pitch variable RPM rotors which operate at chord-
based Reynolds numbers (Re) on the order of
100,000. Here boundary layer dynamics change rap-
idly, transitioning from low Re where thin airfoils
with sharp leading edges provide best performance,
to a regime where more traditional airfoil designs
with smooth surfaces are effective (Ref. 2, 3). Mod-
eling and design of these rotors is especially chal-
lenging, as small discrepancies in predicted transi-
tion and separation cause large performance
swings. The present paper explores the design and
hover testing of two rotors optimized for hover and
forward flight performance at Reynolds numbers
between 75,000 and 100,000.

Design studies for low Reynolds number rotors have
tended to cover Reynolds number regimes an order
of magnitude or more less than the 100,000 base-
line in the present study. Example target applica-
tions include micro-aerial vehicles weighing less
than 100 g (Ref. 4, 5) and designs for Martian explo-
ration where the extreme low-density atmosphere
keep Reynolds less than 10,000 (Ref. 6). The chal-
lenges in these regimes are distinct from those at
higher, intermediate Reynolds number, with designs
incorporating extremely thin airfoils and sharp lead-
ing edges to induce unsteady leading edge flow sep-
aration. In the Reynolds number range relevant to
the current study, a significant body of work exists
focusing on design optimization of airfoils for fixed
wing applications ranging from hobbyist gliders, to
UAS and human powered applications (Ref. 7). The

design of airfoils in these regimes focuses on control
of the laminar separation bubble (LSB), either
through external trips or passive design features,
known as transition ramps(Ref. 8-10).

Given the importance of the LSB to airfoil perfor-
mance in this regime measurements of the bound-
ary layer state help provide insight into the rotor
performance. For small UAS boundary layer meas-
urements have historically been difficult given the
small scale of the rotors and sensitivity to flow dis-
turbances. Infrared thermography has recently be-
come a staple measurement technique for steady
and unsteady rotor boundary layer measurements
with the advent of high-speed, low-noise IR cam-
eras. Thermography is a non-intrusive optical tech-
nique which has been used to measure boundary
layer state and transition in non-rotating applica-
tions since the first availability of spatially resolved
temperature measurements. It leverages the Reyn-
olds analogy between heat and momentum
transport in the boundary layer to relate blade sur-
face temperature to coefficient of friction. A com-
prehensive overview of recent developments in IR
transition measurements with a focus on rotary
wing applications is given by Wolf et al (Ref. 11).

Several different approaches to IR measurement
have emerged. At higher Reynolds number studies
have used forced heating, both internal (Ref. 12),
and external (Ref. 13), or have used novel optical
setups to extend integration time and make meas-
urements using only aerodynamic heating in the
boundary layer itself (Ref. 14). Recent studies of ro-
tors operating near Reynolds Numbers of 100 thou-
sand have seen success using both transient and
steady heating from external lamps or laser diodes
(Ref. 15, 16). Additional studies incorporating multi-
ple measurement techniques have validated the
connection between IR thermography and bound-
ary layer state including work on rotors a high Reyn-
olds number (Ref. 17). At lower Reynolds number
Wynnychuk and Yarusevych used particle image ve-
locimetry imaging to validate separation, transition
and reattachment points measured from IR surface
temperature distributions and their chordwise de-
rivatives on a 2D airfoil section(Ref. 18).
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Figure 1. (a) CRAFT Tech rotor optimization framework flowchart (b) Example parameterization of twist and

chord degrees of freedom with NURBS control points

This paper uses a purpose-built hover test stand and
IR thermography techniques to compare the perfor-
mance and boundary layer structure of three rotors,
one baseline and two optimized each using a differ-
ent tool chain developed as part of the United
States — Israel Rotorcraft Project Agreement. The
optimized designs rely on airfoils which control the
laminar separation bubble. IR thermography allows
interrogation of the state of the boundary layer
providing a deeper understanding of the measured
performance differences between baseline and op-
timized rotors. Finally, the performance results are
compared to a mid-fidelity lifting line/vortex particle
model as well as high fidelity CFD simulations to as-
sess accuracy in this Reynolds number regime.

3. ROTOR DESIGN OPTIMIZATION

The Gen 2 T-Motor 15x5 carbon fiber rotor, from the
SUI Endurance quadcopter, was chosen as the base-
line optimization target given the volume of histori-
cal experimental and computational studies on the
vehicle (Ref. 19-22). The rotor optimization condi-
tions were based on nominal hover and forward
flight conditions as summarized in Table 1. Forward
flight trim conditions were taken from prior full-ve-
hicle wind tunnel tests conducted by Russell et al.
(Ref. 19).

The objective functions chosen for maximization
were figure or merit in hover, and effective lift to
drag ratio in forward flight defined in equations 1
and 2 below. Additional blade root geometry and
minimum thickness constraints are included based
on feedback from the blade manufacturer. Both

optimization processes employ low Reynolds num-
ber airfoil profiles optimized and tested in a previ-
ous phase of the joint project and impose a local
margin to maximum airfoil cl based on the baseline
T-Motor blade to ensure equivalent stall margin to
the baseline system (Ref. 23). At 75% radius this
translates to a cl stall margin of 0.55.

Table 1. SUI Endurance vehicle parameters and opti-
mization constraints

Parameter
Weight 6.0 Ibf
Number of Rotors 4
Rotor Diameter 15in
Number of Blades 2
Cruise Speed 5m/s
(3/2)
C
FM =L (1)
V2¢,
LVinf
LD, = 2
=00 )

3.1. CRAFT Tech Rotor

The 3D rotor optimization process for the Combus-
tion Research and Flow Technologies Inc. (CRAFT
Tech) rotor is outlined in Figure 1a. It uses a design
philosophy based on a search-based design optimi-
zation framework using evolutionary algorithms. A
multi objective genetic algorithm approach was im-
plemented using Sandia National Laboratories’ Da-
kota code(Ref. 24). Objectives for each design were
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Figure 2. (a) IAl optimization flowchart (b) Airfoi section distributions showing the two transition locations
used as optimization intputs: Main-Inboard and Main-Outboard

computed for a hover condition and cruise condition.
The initial population size was 150 designs created
randomly from the design space while enforcing
uniqueness. The optimization parameterization used
19 degrees of freedom. Rotor chord and twist are pa-
rameterized as B-splines with 6 degrees of freedom
each. An airfoil family was created using parametri-
cally similar airfoils. Each airfoil is uniquely character-
ized by the max airfoil thickness. The airfoil geometry
at 7 span locations defines the last 7 degrees of free-
dom in the optimization framework.

The airfoil lift and drag polars are generated on-de-
mand from a deep-learning based surrogate model
trained on over 3000 CFD calculations and tested on
a set of 300 independent cases. CFD simulations for
the training and validation cases were run using
OVERFLOW with the Coder Amplification Transport
turbulence transition model (Ref. 25). The machine
learning model to predict performance of the airfoils
was written in PyTorch (Ref. 26) and trained on a
GPU. A linear regressor with three hidden layers was
used for the PyTorch model. The input layer has three
inputs: the Reynolds number, angle of attack, and
thickness. The output layer has three outputs: cl, cd,
and cm. The hidden layers have 300, 200, and 300
neurons, respectively with rectified linear unit (ReLU)
activation functions applied to them.

Rotor performance is calculated using the blade ele-
ment modeling software RCAS (Ref. 27) with a pre-
scribed inflow model. The optimization framework
was run on 192 processors over 3 days. A total of
24,000 designs were analyzed over 94 generations

3.2. IAl Rotor

The Israeli Aerospace Industries (lIAl) rotor optimiza-
tion is structured in a similar manner as shown in
Figure 2a. The core optimization routine uses the
NSGA-II multi-objective evolutionary algorithm im-
plemented in the commercial software modeFron-
tier (Ref. 28). Rotor geometry was parametrized by
NURBS with 8 degrees of freedom each for chord
and twist. In contrast to the CRAFT Tech methodol-
ogy, the |Al rotor incorporates three airfoils — root,
main and outboard — which were derived from the
previously optimized section. The transitions be-
tween the root, mid-span and tip airfoils were an
additional two degrees of freedom in the optimizer
as shown in Figure 2b.

An in-house, mid-fidelity simulation code based on
the open-source DUST (Ref. 29) vortex particle wake
model was used to calculate rotor performance.
Simulations used 40 time steps per revolution with
a total run-time of 12 revolutions for convergence in
hover. The lifting line model was discretized into 31
radial segments with a single VPM particle emitted
from each aerodynamic section per timestep (up to
a maximum of 10 million particles). The lift and drag
polars for the airfoil sections were calculated using
MSES (Ref. 30) with free transition and Ncrit=7.4.

3.3 Final Designs

Final optimized designs are shown in Figure 3 along
with the baseline rotor. A difference in the imple-
mentation of the root geometry constraint allowed
the CRAFT Tech optimization to drive toward a large
inboard chord, likely in an effort to increase Reyn-
olds number. Beyond 70% span all three rotors col-
lapse onto similar, near linear taper rates out to the
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blade tip. The CRAFT Tech rotor exhibits an approxi-
mately bi-linear twist distribution decreasing from
root to tip with the exception of a small constant
section between 60 and 80% span. The IAl design
features increasing in twist to a maximum of 18.8
degrees at 40% radius before decreasing from 50%
span to the tip.

Table 2 shows the final solidity and thrust weighted
solidity of the baseline and optimized rotor designs.
The IAl design increases thrust weighted solidity by
8% while the CRAFT Tech rotor increases by 15%.
This solidity increase and aggressive twist distribu-
tions of both rotors, in concert with the highly cam-
bered airfoil sections, suggest that the optimizers in
both cases have driven toward rotors designed to
operate at higher thrust coefficients and therefor
lower RPM and Reynolds number than the baseline
rotor.

Table 2. Baseline and optimized rotor solidities

Baseline 1Al CRAFT
o 0.069 0.080 0.090
oT 0.072 0.078 0.083

4. EXPERIMENTAL AND COMPUTATIONAL SETUP

Experiments were conducted in the U.S. Army
Hover Chamber located at NASA Ames. The test
stand is at the center of the 27- by 24-foot room.

(a) 0.300 (b)

10 4= Baseline
1Al -

= = CRAFT
0 ; ; . .
00 02 04 06 08 1.0

Radius x/R

Twist [deg]

The 15-inch diameter rotor is located is 8 feet above
the floor and approximately 15 feet below the ceil-
ing. All results are presented with the rotor config-
ured to thrust down, sending the wake towards the
ceiling. This configuration was found to minimize re-
circulation and ground effect, with the rotor sepa-
rated approximately 10 diameters from the effective
ground plane. The data for each rotor was compiled
from multiple runs spread over multiple days and
months to account for statistical uncertainty over
multiple time scales. Sweeps were performed start-
ing from 1000 RPM with 500 RPM steps. A total of
10 data points were collected at each RPM during
the sweep, 5 during the sweep up and 5 during the
sweep down. Repeat points at nominal 1.5 Ibf thrust
were taken for each design in separate runs of 15
points each.

4.1. Instrumentation

The rotor test stand is shown in Figure 4. Instrumen-
tation was selected based on the expected baseline
rotor operating point of 1.5 Ibf thrust and 1.1 Ibf-in
Torque, with a target propagated figure of merit un-
certainty of less than 1% at the nominal 1.5 Ibf
thrust condition. Loads are measured using individ-
ual thrust (Interface SML-10) and torque (Futek
TFF325) load cells mounted in series. The motor is
mounted on a phenolic spacer for thermal isolation
and incorporates a 1024/rev incremental encoder

for measuring speed and triggering optical

Figure 3. (a) Spanwise chord and twist distributions of the baseline and optimized rotors (b) Baseline rotor
and optimized rotors, note aluminum hub for root pitch adjustments
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measurements. In-situ check loads and external
shunt calibrations were performed after installation.
Additional shunt calibrations internal to the data ac-
quisition system were performed prior to each data
run to correct for any sensitivity changes over time.
Data was collected using NI PXle 4339 24-bit bridge
modules simultaneously sampled at 10 kHz.

4.2. Infrared Measurements

A FLIR X8501SC-SLS camera was used to capture
temperature distributions of the rotor upper sur-
faces at 1000, 2000 and 3000 RPM. The Strained
Layer Superlattice (SLS) sensor response extends
into the long wave infrared range providing excel-
lent performance near room temperature. Using a
50 mm 2.3 lens the rotor blade was imaged on a
576x256 pixel window. With this lens the image per-
pixel resolution was 0.18% of the blade radius and
between 1.2% and 1.3% of the rotor chord at 75%
span. The test stand incremental encoder was used
to trigger image acquisition once-per-revolution, ef-
fectively freezing the rotor blade in-place. Integra-
tion time was fixed at 58 microseconds and the re-
sulting motion blur at the blade-tip varied from ap-
proximately 0.045” at 1000 RPM to 0.13” at 3000
RPM, between approximately 5 and 15 percent of
tip chord respectively.

Initial efforts to image the bare carbon-fiber blades
were unsuccessful, with distinctive checkerboard
patterns left by the varying fiber angles of the wo-
ven fabric. A matte black enamel-based paint was
applied to the blades eliminating the issues with
fabric directivity. Data presented in this paper fol-
lows a combination of acquisition techniques de-
scribed in the literature. Like Thiessen and Schulein
(Ref. 15) unheated reference images were first
taken for each rotor at the target operating RPMs.
These reference images help correct for radially var-
ying aerodynamic heating near the blade-tips due
the rotor angular velocity.

Next, externally heated images were captured using
a 500 Watt xenon spot lamp. A single rotor blade
was aligned with the spotlight and 60 seconds of
pre-heating was applied before spinning the rotor to
the target velocity, similar to Jaroslwaski et al.(Ref.
16). Images were acquired for 500 revolutions

The_nna.l
Isolation

Figure 4. Test stand and instrumentation, rotor to
send wake upwards and orient lower blade surface
toward IR camera

capturing the transient temperature decay as the
rotor was convectively cooled. Blade surface tem-
peratures ranged between 10 C and 2 C above the
ambient temperature which varied between 15 and
20 C. This provided sufficient contrast while avoid-
ing adverse effects on flow transition.

Processing began with background subtraction to
generate a masked blade image. The sets of 500
heated and unheated images were then averaged
and subtracted from one another, generating maps
of temperature rise from external heating. A two-di-
mensional moving average filter with spanwise and
chordwise widths of 8 and 2 pixels (approximately
1.4% radius and 2.5% chord) was then applied to
further reduce noise through local spatial averaging.
Finally, the temperature rise values were normalized
onto the interval [0,1] for relative comparison be-
tween runs. The boundary layer structure is re-
vealed by these relative intensity differences with-
out the need for a time-consuming absolute tem-
perature calibration of each test article.

4.3. Computational Models

Results are presented for a mid-fidelity computa-
tional model used during the IAl optimization pro-
cess. It combines a non-linear lifting line model with
MSES generated airfoil lookup tables with the DUST
lifting line VPM model. Details are described in
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Figure 5. (a) Near-body mStrand mesh (b) Off-body CFD meshes showing refinement levels close to the ro-

tor

section 3.2. In addition, a high fidelity CFD model
was run for both the baseline and IAl rotors de-
scribed below.

4.3.1. Computational Fluid Dynamics

The Helios CFD solver used in this study consists of
two parts: a near-body solver that models and re-
solves the flow field near the solid bodies and an
off-body solver that resolves the wake structures.
The Unsteady Reynolds Averaged formulation of the
Navier-Stokes equations (URANS) and their de-
tached eddy simulation (DES) variants are usually
employed to create an approach that balances effi-
ciency and accuracy towards achieving practical sim-
ulations of rotorcraft systems. Helios supports a
suite of near-body solvers (structured grid, unstruc-
tured grid or strand-based grid) that can operate in
tandem within the same framework. The off-body
solver in Helios uses a low dissipation high-order fi-
nite difference method that can transport and pre-
serve wake structures and hence provide improved
accuracy for aerodynamic interaction calculations.
The detailed descriptions of various modules in He-
lios can be found in (Ref. 31).

Helios mStrand (Ref. 32) is used for near-body solver
in the present study. mStrand is a specialized strand
grid solver that uses a vertex-centered finite-volume
spatial discretization. The Reynolds-averaged Na-
vier-Stokes (RANS) equations in a general moving
coordinate system are solved. mStrand accommo-
dates both quadrilateral and triangular surface ele-
ments and handles general prismatic meshes in the
normal (strand) direction. The solver incorporates a

second-order implementation of full Navier-Stokes
for the viscous terms (no thin-layer approximation)
and the option of using the Spalart-Allmaras (SA) or
the Menter’s k- SST turbulence models imple-
mented with a first order discretization. In the pre-
sent study, a fully-turbulent SA-DES (Detached Eddy
Simulation) was employed.

Figure 5a shows a cut through of the rotor blade
volume mesh at r/R=0.7. Rotor has two blades, and
each blade has a grid of 249 points around the air-
foil and 189 points along blade span with extending
1cin the strand direction using 101 points where c
is the mean chord (= 0.0272m or 1.07in). The result-
ing rotor grid points are 12.5 million points includ-
ing fringe points.

The off-body grids have 10 levels in grid refinement,
extending 147R in each direction to avoid the effect
of freestream boundaries. The fixed refinement box
with a mesh size of 0.0486c¢ is defined in [-1.2R,
1.2R; -1.2R, 1.2R; -1.67R, 0.53R]. The finest mesh
size of the off-body grids near the rotor about
0.0486¢ (see Figure 5b) The off-body grid contains
86.7 million grid points including fringe points. In
the present analysis, a 0.25-degree time step was
used with a SA-DES turbulence model.

Hover runs were run over 15 full rotor revolutions
with a total of 21,600 time steps. Each run took
about 129 hours using DoD High Performance Com-
puting (HPC) Carpenter 576 cores (3 nodes x 192
cores).
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5. RESULTS

Tests were run in two blocks three months apart.
The first set of tests focused on performance meas-
urement for all rotor configurations and trip config-
urations as well as studies on test procedure and in-
stallation effects. The second set of tests focused on
IR measurements of the rotors including repeat per-
formance measurements to examine long-term
measurement uncertainty.

5.1. Measured Performance

The data presented below is compiled from all
measurement runs including both early perfor-
mance measurements, as well as later IR measure-
ments. Error bars in the subsequent plots are + 95%
of the mean including both point-to-point statistical
variation as well as fixed calibration uncertainties
propagated through the equations for derived quan-
tities such as figure of merit or thrust coefficient.

5.1.1. Clean Rotors

The primary goal of the experiments was confirming
rotor performance at the hover optimization target
of 1.5 Ibf thrust. These results are summarized in Ta-
ble 3. Both designs show figure of merit improve-
ments over baseline, with 3% for the CRAFT Tech ro-
tor and 6% for the IAl rotor. The increased solidity
and airfoil design lift coefficient are reflected in the
much larger thrust and torque coefficients of the IAl
and CRAFT Tech rotors, along with an approximately
20% reduction in RPM. The resulting nominal Reyn-
olds numbers at 75% span are 25-30% lower than
the baseline rotor, indicating the high efficiency of
the airfoil designs incorporated into the optimized
rotors. Both the IAl and designs are operating at sig-
nificantly higher blade loadings than the baseline
rotor, 33% and 25% respectively. This despite the in-
creased solidity of the optimized rotors.

Table 3. Measured baseline and optimized rotor per-
formance at the design nominal thrust of 1.5 Ibf

Baseline 1Al CRAFT
FM 0.671+£0.008 0.710+0.008 0.692+0.008
RPM 3712 +12 3033+ 16 3068 + 7
Re;sx10® 97.4+0.4 71904 74.4+0.2
CTx103 8.7+0.1 13.0+0.2 12.5+0.2
CQx10® 0.86+0.01 1.48+0.02 1.43+0.02
CT/or 0.121+0.001 0.167+0.003 0.151+0.002

Figure 6 shows figure of merit plotted vs nominal
thrust level. The optimized rotors outperform the
baseline rotor across all thrust levels, with the larg-
est margins occurring between 0.5 and 1.0 |bf
thrust. While the optimized rotor figure of merit lev-
els out past the design point of 1.5 Ibf thrust, the
baseline rotor continues to improve as RPM and
Reynolds number increase.

The trends in figure of merit seen in Figure 6 arise
solely due to the change in Reynolds number as
RPM increases, so it makes sense to examine rotor
performance vs Reynolds number directly. These
trends of figure of merit as well as thrust and torque
coefficient are plotted in Figure 7a-c. The increase in
optimized rotor performance at a given Reynolds
number is larger than the gap at a given thrust. Sim-
ilar trends in thrust coefficient are seen for all three
rotors, despite the large gap in absolute value be-
tween the baseline and optimized designs. Thrust
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Figure 6. Measured figure of merit vs thrust for the
baseline and optimized rotors
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Figure 7. Comparison of baseline and clean optimized rotors (a) Figure of merit vs. Reynolds Number (b)
Thrust coefficient vs Reynolds number (c) Torque coefficient vs. Reynolds number

coefficient rises with Reynolds number, before level-
ing out near Reynolds numbers of 75,000 for the
optimized rotors and 100,000 for the baseline rotor.

Torque coefficient stays relatively constant with
Reynolds number for the baseline rotor but falls for
the optimized designs. Like thrust coefficient, the
torque coefficients of the optimized rotors levels
out near Reynolds number of 75,000, while there is
a slight rise for the baseline rotor near 100,000.

5.1.2. Boundary Layer Trips

A series of boundary layer trips were applied to the
IAl rotor. These trip configurations were selected
based on pre-test calculations of the boundary layer
structure taken from MSES. The trips were con-
structed from thin adhesive tapes cut into 0.059”
chordwise strips, forming two-dimensional trips.
The trips were applied in three radial segments: an
inboard segment running from the root to 25%
span, a mid-span segment from 40% to 75% span,
and an outboard segment from 75% span to the
blade tip. The three segments allow the thickness of
the trip to be varied based on the local boundary
layer thickness. The inner and mid-span trips were
applied 20% aft of the leading edge, while the out-
board trip varied between 20% chord at 75% span
and 10% chord at the blade tip. Figure 8 shows a
blade with trips applied to all three segments.

A total of 11 trip configurations were investigated
with thicknesses ranging between 0.005” and
0.00075”. Data is presented here for two configura-
tions described in Table 4. The first configuration,

trip #1, consisted of the thickest, most aggressive
trips tested. The second configuration, trip #5 left
the blade tip region un-tripped and resulted in the
best compromise of performance across the Reyn-
olds number range.

Table 4. IAl rotor trip thicknesses in inches

Inner Mid-Span Outer
Trip 1 0.005 0.002 0.0015
Trip 5 0.003 0.0015 None

The variation of figure of merit, thrust coefficient
and torque coefficient for the tripped configurations
are compared to the un-tripped IAl configuration in
Figure 9. Trip #1 shows a large increase in perfor-
mance at low Reynolds numbers before falling be-
low the clean rotor performance above Reynolds
numbers of 60,000. Trip #5 shows a smaller im-
provement at low Reynolds number but matches
the clean rotor performance all the way to the maxi-
mum rotor speed.

Examining the trends in thrust and torque coeffi-
cient we see that the performance benefit at low
Reynolds numbers is primarily due to an increase in
CT, outweighing a corresponding increase in torque
coefficient. Similarly, the penalty for trip #1 at
higher Reynolds numbers is largely due to a drop in
CT relative to the clean configuration.
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Mid-span

Figure 8. Two-dimensional boundary layer trips ap-
plied to the IAl blade using adhesive tape. Thickness
varies across three spanwise segments

5.2. IR Measurements

IR measurements were performed at 1000, 2000
and 3000 RPM for all three rotors covering a Reyn-
olds number range of approximately 25,000 to
75,000 at 75% span. Data is presented using two dif-
ferent normalizations of the temperature rise be-
tween heated and unheated images. The first is a
global normalization where the pixel intensities are
scaled by maximum and minimum across the entire
rotor blade as used by Jaroslawski et al. (Ref. 16).
This allows for comparison across different runs,
compensating for variations in heating. The normali-
zation for each pixel with radial a chordwise location
(r,x) is shown in equation 3.

[ I"* —min(I)
N max(I) — min(I)

(3)

The second normalization (equation 4) scales the
pixel intensities by the local maximum and mini-
mum at each radial station, similar to the processing
described by Thiessen (Ref. 15). This helps reveal
the boundary layer structure but obscures the radial
intensity differences between the root and tip of
the blade. Equation 2 shows the normalization
where each radial station is considered inde-
pendently.

7 I"™* —min(I")
N max(IM) — min(I7)

(4)

5.2.1. Smooth configurations

Figure 10 shows the global normalized intensity
across all three rotors at all three rotational veloci-
ties. All three rotors exhibit radial variation of inten-
sity, with increased cooling toward the blade tips.
additionally, all three rotors exhibit decreasing in-
tensity along the leading edge as RPM increases due
to the thinning of the attached laminar boundary
layer.
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Figure 9. Comparison of clean IAl rotor with two trip configurations (a) Figure of merit vs. Reynolds Number
(b) Thrust coefficient vs Reynolds number (c) Torque coefficient vs. Reynolds number
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Figure 10. Global normalized IR intensity for baseline and clean optimized rotors at three rotational speeds,
dark to light indicates low to high temperature
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Figure 11. Radially normalized IR intensity for baseline and clean optimized rotors at three rotational
speeds, dark to light indicates low to high temperature at each radial station
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Beyond these similarities several differences appear
between the baseline and optimized rotors. The
baseline rotor inboard sections appear to show
steadily increasing intensity from leading to trailing
edge. In contrast both the IAl and CRAFT Tech rotor
exhibit a temperature maximum near 50% chord
and subsequent decrease toward the trailing edge,
indicative of a separation bubble with subsequent
transition.

The radially normalized data in Figure 11 helps to
highlight these structural differences. Here we
clearly see the mid-chord peak in the IAl and CRAFT
Tech intensities extending from approximately 40%
to 90% radius. As RPM increases the peak narrows
indicating the shortening of the laminar separation
bubble at higher Reynolds numbers. The baseline
rotor peak intensity also narrows in the chordwise
direction with increasing RPM but remains close to
the rotor trailing edge.

Figure 12 presents radial slices of intensity extracted
at 50%, 75% and 95% span. Each curve is averaged
in the radial direction +-0.5% from the nominal

Baseline

station to smooth the trends. Following the analysis
from Wynnychuck (Ref. 18) the shape of these in-
tensity profiles can be related to boundary layer fea-
tures for a laminar separation bubble with transition
turbulent reattachment to within about 5% chord
agreement with PIV as follows: From leading edge
to trailing edge intensity increases as the laminar
boundary layer grows. Separation is indicated by an
inflection point and subsequent maximum slope

dly /dx before the intensity maximum. Transition
occurs downstream of the temperature maximum in
the separated boundary layer near where the inten-
sity slope dIy/dx is minimum as the temperature
decreases. Finally full turbulent reattachment oc-
curs near where the intensity profile levels out with
dIy /dx approximately equal to zero.

At 1000 RPM only the CRAFT Tech rotor shows signs
of transition and reattachment near 50% and 75%
radius. The IAl rotor has a broad temperature peak
near mid-chord with a gentle decreasing slope after-
wards indicating transition but little substantial reat-
tachment. The baseline rotor temperature peaks oc-
cur between 75% and 100% of the blade chord near
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Figure 12. Chordwise profiles of global normalized intensity at three radial stations, data averaged over +-
0.5% radius with shaded uncertainty bands representing +- 2 standard deviations
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the trailing edge. There is a very small negative
slope region at 50% span and nearly no negative
slope at 75% span. The 95% span station for all
three rotors show similar intensity profiles with a
steady increase to a plateau that holds until very
near the trailing edge. There is no indication of a
separation bubble near the blade tips.

At 2000 and 3000 RPM the IAl and CRAFT Tech ro-
tors show the first three of these features at 50%
and 75% radius. There is an inflection point and
maximum intensity slope, followed by the tempera-
ture peak, decrease, and a second inflection point.
However, neither rotor exhibits the zero-slope in-
tensity profile near the trailing edge indicative of
fully reattached turbulent flow. In contrast the base-
line rotor exhibits separation much further down-
stream near the trailing edge. At higher speeds the
baseline rotor exhibits indications of transition, but
there is no reattachment before the trailing edge.
The 95% stations of all three rotor don’t exhibit the

=

0.0 0.2 0.4 0.6 0.8 1.0
< LE
[a
o
o
o
S

TE
< LE
[a
o
o
o
8

TE
< LE
[a
o
o
o
@

TE

T T T T
0.4 0.6 0.8 1.0

Radius r/R

Figure 13. Global normalized IR intensity of the IAl
rotor with trip #5 at three RPMs

temperature peaks associated with separation bub-
bles, likely due to interference form the tip vortex.

5.2.2. IAl Tripped Configuration

IR measurements were taken of the IAl with the trip
#5 configuration, shown to provide the best balance
of performance across Reynolds numbers.

Figure 13 shows the global normalized temperature
at all three rotor speeds. Turbulent wedges are seen
originating from trip transitions at 40% and 75% ra-
dius, likely due to imperfections in the trip applica-
tion. The low intensity region behind the separation
bubble appears larger and darker than for the un-
tripped rotor.

The difference between tripped and un-tripped in-
tensity maps is presented in Figure 14 with red indi-
cating regions of higher intensity and blue regions
of lower intensity. This borrows from the differential
in time (DIT) methodology which has been used to
compare variations in time, azimuth angle, and
blade pitch, highlighting otherwise small differences
in absolute intensity (Ref. 15). Here the turbulent
wedge at 40% radius and significantly stronger reat-
tachment out to 75% radius are readily apparent as
dark blue regions.

The chordwise profiles plotted in Figure 15 show
much stronger transition and reattachment for the
tripped rotor. The effect of the trip at 20% chord is
readily apparent in the r/R = 0.5 curve exhibiting an
inflection point near 25% chord. The effect of the
trip is also seen downstream of the separation bub-
ble where a stronger turbulent reattachment is indi-
cated by the extended zero-slope region down-
stream of the intensity maximum. Meanwhile, the
separation bubble at the 75% span location appears
to be somewhat suppressed, with a smaller peak
intensity compared to the un-tripped case shown in
Figure 12.
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5.3. Comparison with computational models

Both the IAl mid-fidelity and Helios CFD models
were run for the baseline and IAl rotors in the clean,
un-tripped configurations. Figure 16 shows the
baseline rotor Figure of Merit, thrust coefficient and
torque coefficient of the models compared to the
experimental data. The MSES-VPM code signifi-
cantly underpredicts FM, and misses the inflection
point near 50,000 Re where the FM curve begins to
level out. The Helios simulation does a better job,
staying within experimental uncertainty up to
75,000 Reynolds number before slightly underpre-
dicting the highest speed points. Looking at thrust
and torque coefficient we see underprediction by
both codes, although the shape of the curves is well
captured by the Helios simulation.
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Figure 14. Differential thermography between IAl
Trip #5 with clean, un-tripped IAl rotor. Blue repre-
sents cooler regions, white unchanged, and red hot-
ter

The model results for the optimized IAl rotor are
shown in Figure 17. Here the MSES-VPM code does
a better job capturing both the value and shape of
the figure of merit curve as well as the thrust coeffi-
cient when compared to predictions for the baseline
rotor. The Helios prediction remains more accurate
than the MSES-VPM code but is not as accurate
with respect to the measured data as it is for the
baseline rotor. This is likely because the Helios run
parameters were based on a previous study of the
impact of transition model on performance of the
baseline T-Motor rotor (Ref. 22).
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Figure 15. Chordwise profiles of global
normalized intensity at three radial stations for
the 1Al rotor with trip #5 located at x/c = 0.2
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The Helios and MSES-VPM codes predict nearly
identical thrust coefficients for the IAl rotor, approx-
imately 10-20% below the measured values. Both
codes fail to predict the torque coefficient in both
magnitude and trend. The measured data shows a
near monotonic decreasing trend with Reynolds
number, while both the Helios and MSES-VPM re-
sults predict that Cqincreases with Reynolds num-
ber. This indicates that there is a fundamental differ-
ence in the evolution of sectional drag with Re for
the IAl rotor that is not captured by the models.

6. CONCLUSIONS

Two rotors were optimized for hover and forward
flight performance with constraints based on the
SUl endurance UAS as part of the U.S. Israel Ro-
torcraft Project Agreement. The final optimized de-
signs were fabricated and tested in hover with
measurements including thrust, torque and speed
for performance calculations. IR thermography
measurements were captured to analyze the struc-
ture of the rotor boundary layers. The effect of
boundary layer tripping on the IAl optimized rotor
performance and boundary layer was also explored.
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Figure 16. Comparison of baseline rotor experimental results to Helios and MSES-VPM computational mod-
els (a) Figure of merit vs. Reynolds Number (b) Thrust coefficient vs Reynolds number (c) Torque coefficient
vs. Reynolds number
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Figure 17. Comparison of IAl rotor experimental results to Helios and MSES-VPM computational models (a)

Figure of merit vs. Reynolds Number (b) Thrust coefficient vs Reynolds number (c) Torque coefficient vs.
Reynolds number
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1. The two optimized rotors improved hover figure
of merit by 3-6% over the baseline SUIl endur-
ance rotor

2. Both rotor optimization techniques converged
to higher blade-loading designs with increased
solidity, operating at 25-33% lower Reynolds
number than the baseline rotor

3. Boundary layer trips applied to the IAl rotor im-
proved performance at Reynolds numbers be-
low 60,000, with some trip configurations exhib-
iting no performance penalty at higher Reynolds
numbers

4. IR temperature measurements revealed transi-
tion/separation occurring near the trailing edge
of the baseline rotor

5. Both optimized rotor IR measurements exhib-
ited a separation bubble induced further up-
stream with a peak in intensity near mid-chord
and subsequent transition and partial reattach-
ment

6. IR measurements of the tripped rotor show evi-
dence of stronger turbulent reattachment and a
suppressed separation bubble compared to the
un-tripped rotor

7. The mid-fidelity MSES-VPM model significantly
underpredicts performance of the baseline ro-
tor, while doing a better job capturing the
trends of FM and thrust for the 1Al rotor

8. The Helios CFD model captures the baseline ro-
tor performance to within experimental uncer-
tainty at lower Re, but has slightly larger perfor-
mance discrepancy with the IAl rotor measure-
ments

9. Both models fail to capture the measurement
trend of falling torque coefficient with Reynolds
number observed for the IAl rotor

Future work will include quantitative analysis of the
measured IR intensity profiles to extract the separa-
tion and transition and reattachment locations. The
inclusion of different transition models will be inves-
tigated to improve the CFD simulations to capture
the physics associated with the laminar separation
bubble. Additionally contours of skin friction coeffi-
cient can be extracted from the CFD results to com-
pare with the IR measurements.
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