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Motivation

• Almost all theories of turbulence are only valid in the 
high Reynolds number limit.

o Re = R/η, where R is a measure of the domain size and η is a 
scale representative of the smallest eddies.

• Performing experiments to test these theories at very 
high Reynolds numbers has proven challenging.

o In the laboratory we need to make either R large, or η small, or 
do both, which is usually difficult and expensive.

- Large wind tunnels (large R) are expensive to operate
- Specialized wind tunnels (small η) are expensive to build and 

require specialized instrumentation to avoid spatial filtering effects



Motivation

• The atmospheric surface layer provides inexpensive access 
to very high Re turbulence with η large enough to be 
resolved by conventional instrumentation

• Numerous research topics can benefit by extension to very 
high Re turbulent wall layers:

o Universality and scaling of dissipative eddy distribution
- Bailey and Witte, On the Universality of Local Dissipation Scales in Turbulent Channel Flow, JFM, 2016

o Existence of a k-1 spectral overlap region
- Vallikivi et al., Spectral scaling in boundary layers and pipes at very high Reynolds numbers, JFM, 2015

o Reynolds number dependence of TKE profiles
- Marusic et al., Wall-bounded turbulent flows at high Reynolds numbers: Recent advances and key issues, 

Phys. Fluids, 2010

o Inner-outer scaled eddy interactions
- Guala et al., Interactions within the turbulent boundary layer at high Reynolds number, JFM, 2011



• Two major challenges for conducting fundamental 
measurements in the atmospheric surface layer:

o Requires application of Taylor’s frozen flow hypothesis
- used to translate temporal information to spatial information

- ഥܷ௝ is scale/frequency dependent 
- becomes increasingly inaccurate with increased Re
- aliases TKE towards larger scales

o Diurnal cycle/non-stationarity of the flow field
- impacts statistical convergence
- challenge in obtaining accurate high order statistics

Motivation



Approach

• Apply unmanned aerial vehicles to spatially sample atmosphere
• minimize reliance on Taylor’s hypothesis
• acquire greater amount of data than typical tower based measurements 

during periods of quasi-stationarity
• Equip UAV with laboratory sensor packages to collect high quality 

turbulence data
o Use hot-wire anemometry to attempt to spatially and temporally 

resolve all scales experienced in the atmospheric surface layer
o Use multi-hole pressure probes to recover three-component 

information at larger scales
• Additional benefits of utilizing UAV’s as a research platform:

o Portability (measure where we want, when we want)
o Diverse experimental conditions possible

- Terrain transitions, forests, water, etc.
o Record data within ranges inaccessible to towers or manned aircraft



Platforms Development
BLUECAT 0
• Proof-of-concept airframe and sensor 

package
• Airframe based on ARF Senior Telemaster

o 45 mph (20 m/s) flight speed
• Piccolo Autopilot – provides air and 6 DOF 

telemetry data at 10 Hz
• Constant-temperature hot-wire 

anemometer
o Single component hot-wire probe
o Acquisition rates ~ 20 kHz
o A typical probe response of 10 kHz 

represents a spatial resolution of 2 mm, on 
the order of the ABL’s smallest scale. 

• Data Logging – Omega OM-LGR-5329
o Capable of simultaneous logging at 200 

kS/s at 16 bit resolution
• Additional sensors:

o temperature
o humidity
o accelerometers

Power Spectra at Various Altitudes

• Validation of data reduction scheme 
to extract spatial information from 
temporal data

• Data falls within expected subrange 
as well as follows Kolmogorov’s -5/3 
slope

• Discrepancies at high wavenumbers 
due to electrical interference from 
propulsion motor

o Same signature evident on other 
probes



BLUECAT 0 Refinements/Modifications

• Sensor Placement
o Utilize pusher propulsion arrangement to allow probes to be 

placed out of the nose of the aircraft
• Electrical interference from DC motor suspected to cause error at 

higher wavenumbers 
o Switch to gasoline powered engine

• Buffeting susceptible from turbulent scales larger than UAV
o A larger, more stable airframe is desired

• Due to flight path and speed restrictions, reliance on Taylor’s 
hypothesis is still present

o Increase top speed at which data acquisition will take place
• Slow temperature sensor response and difficulty in resolving the 3-

component wind vector led to researching more sensor package 
options



Platforms Development
BLUECAT 1 & BLUECAT 2 (2013)
• Highly stable carbon-fiber platform 

with excess payload capacity for 
high-quality data sensor packages

• Aircraft characteristics:
o Wingspan: 90 in (2.3 m)
o Length: 90 in (2.3 m)
o Powerplant: 55 cc gasoline engine
o Empty weight: 36 lb (16 kg)
o GTOW: 60 lb (27 kg)
o Payload: 15 lb (6.8 kg)
o Max Speed: 85 mph (38 m/s)
o Endurance: 1.5 hrs

• Designed to reduce size/cost of 
BLUECAT 1 while maintaining 
turbulence research capabilities 

• Aircraft characteristics:
o Wingspan: 65.5 in (1.6 m)
o Length: 54.5 in (1.4 m)
o Powerplant: 20 cc gasoline 

engine
o Empty weight: 15 lb (6.8 kg)
o GTOW: 30 lb (13.4 kg)
o Payload: 7 lb (3 kg)
o Max Speed: 100 mph (45 m/s)
o Endurance: 1.5 hrs



Platforms Development
BLUECAT 3 & BLUECAT 4
• Low-cost FW UAV for high resolution 

turbulence measurements 
o Gas engine for long flight (~ 1 hour)
o Pixhawk autopilot provides air and 6 

DOF telemetry data 
• Constant-temp hotwire anemometer

o Single component hot-wire probe
o TSI model 1750 - Acquisition rates 

~ 20 kHz response
• Data Logging – USB-1608FS-Plus 

o Simultaneous logging at 400 kS/s
o DAC (Raspberry Pi ~20kHz limit)

• Octorotor UAV for high resolution 
turbulence and profile data 
(temperature, humidity, pressure 
and wind velocity)

o Eight 500W DJI electric motors 
allow for up to 15 lbs. of payload

• Constant-temp hotwire 
anemometer

o Single component hot-wire probe
o TSI model 1750 - Acquisition rates 

~ 20 kHz
• Data Logging – Omega OM-LGR-5329

o Capable of simultaneous logging 
at 200 kS/s



BLUECAT 5

• Low-cost flying wing UAV equipped for 5-hole probe pressure 
measurements

o Electric motor propulsion for increased reliability
o Pixhawk autopilot

• Custom 3D printed 5-hole probe 
o Array of pressure transducers

• Data Logging – USB-1608FS-Plus 
o Capable of simultaneous logging at 400 kS/s
o Requires computer to drive data acquisition
o Dual GPS INS for 6DOF orientation



Wind Magnitude and Direction

• Autopilot based orientation introduces systematic bias in the 
resolved velocity vector
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Five‐Hole Probe Measurements

• Time response of 5-hole probe 
measured to be 60 Hz.

• Water tunnel flow visualization and 
wind tunnel tests indicate 
measurement position free of 
fuselage interference effects



CLOUD‐MAP 2016 Flight Campaign

• 4 teams – 3 flight days

• >60 participants

• 20 systems

• 241 separate flights
– 187 rotary wing flights

– 54 fixed wing flights

• 25 hrs. total flight time

• >12 separate sensors

• Nautical twilight through 
mid‐day 

Logistics 
developed by 
adapting 
successful 
aspects of prior 
flight campaigns



Summer 2016 Test Campaign
• Participated in NSF CLOUDMAP 

(NSF #1539070) measurement 
campaign hosted by OSU and 
involving UK, OU, OSU, and UNL

• Three BLUECAT 5 UAVs flown 
(typically two simultaneously, with a 
third in flight prep)

• Sonic anemometer used for low level 
measurements

• 42 flights flown successfully over 3 
days.  Day 2 flight tracks below: 



CLOUD‐MAP Multi‐UAV flight

Turbulence Intensity

Mean Wind Velocity

Temperature

• Simultaneous profiling flights allowed self-verification of measurement data

Aircraft at 
same 
altitude



CLOUD‐MAP Multi‐UAV flight
• Simultaneous flights 

allowed both profile and 
distributed statistics to 
be measured

o Profiles measured 
twice during each 
flight

o Compared with OU 
data taken via 
rotorcraft profiler 
(Courtesy of P. 
Chilson)

Profile Potential 
Temperature
(Error bars 

reflect variance)

Flight paths of profiling aircraft (blue) 
and spatial sampling aircraft (red)



CLOUD‐MAP Multi‐UAV flight
• Simultaneous flights 

allowed both profile and 
distributed statistics to 
be measured

o Profiles measured 
twice during each 
flight

o Compared with OU 
data taken via 
rotorcraft profiler 
(Courtesy of P. 
Chilson)

Profile Horizontal 
Velocity 

Magnitude
(Error bars 

reflect variance)

Flight paths of profiling aircraft (blue) 
and spatial sampling aircraft (red)



CLOUD‐MAP Multi‐UAV flight
• Straight line flight paths allowed calculation of relative statistics along line of flight (r1):

o ~20 passes of 1000 m.  Statistics were calculated by ensemble averaging each pass

Flight paths of profiling aircraft (blue) and spatial 
sampling aircraft (red)

Example Spatial Sampling Autocorrelations:

• This data allows wavenumber to directly 
correspond to spatial position of 
measurement.

• Dashed line indicates inclusion of correction 
for convection velocity

• Probe frequency response measured at 
60Hz.  Corresponds to spatial resolution of 
x1=0.33m.    



CLOUD‐MAP Multi‐UAV flight
• Straight line flight paths allowed calculation of relative statistics along line of flight (r1):

o ~20 passes of 1000 m.  Statistics were calculated by ensemble averaging each pass

Example spatial sampling power spectra:

• This data allows wavenumber to directly 
correspond to spatial position of measurement.

• Dashed line indicates inclusion of correction for 
convection velocity

• Probe frequency response measured at 60Hz.  
Corresponds to spatial resolution of x1=0.33m.    



CLOUD‐MAP Multi‐UAV flight
• Straight line flight paths allowed calculation of relative statistics along line of flight (r1):

o ~20 passes of 1000 m.  Statistics were calculated by ensemble averaging each pass

Corresponding compensated power spectra:

• This data allows wavenumber to directly 
correspond to spatial position of measurement.

• Dashed line indicates inclusion of correction for 
convection velocity

• Probe frequency response measured at 60Hz.  
Corresponds to spatial resolution of x1=0.33m.    



Conclusions

• It is possible to obtain high-Reynolds-number turbulence 
data in the atmospheric boundary layer using unmanned 
aerial vehicles. 

o Statistics are effectively being measured in space, 
rather than time (reduced reliance on Taylor’s 
hypothesis)

o Autocorrelations and spectra were successfully 
measured during measurements of a morning 
boundary layer transition.

• Limitations in the approach of using UAVs appears as 
decreased statistical convergence at longer separation 
distances and through the limited frequency response of 
the five-hole probe. 

o Work is ongoing to improve these characteristics
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