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1 Introduction 

As man-made flight developed the power and technology to fly above the Atmospheric Boundary 

Layer (ABL) and the high levels turbulence within it, atmospheric research in aerospace and wind 

engineering have been separate ventures. Today there is a new breed of aircraft in development that 

will fly only within the lower ABL, the Micro Aerial Vehicle (MAV), and with it aerospace research 

is beginning to make use of and augment data that has been collected by wind engineers and 

meteorologists. 

MAVs are extremely small (up to 30cm wing span); light (up to 100 grams) aircraft that will operate at 

low Reynolds numbers (10
3 
- 10

5
) (McMichael  and Francis, 1997) with the primary envisaged mission 

being surveillance and therefore will require excellent control in roll and pitch so as to provide a stable 

platform for video footage. In the design and flight of the first generation of these aircraft the lack of 

knowledge about the ABL as a flight domain and the effect of this on flight performance were evident 

from the poor performance of the aircraft particularly in being able to hold straight and level flight. A 

typical MAV is shown in Figure 1. 

  

Figure 1: A typical MAV 

It is important then that the wind environment be understood and taken into account when designing 

MAVs if they are to be useful over a high number of days per year - not just when the wind gusts are 

insignificant. Data from resources such as the ESDU data sheets (ESDU, 1976) have been valuable in 

providing single point data for a range of locations however data from multipoint simultaneous 

measurements are less common and those available are of little use as their spatial and temporal scales 

are significantly greater than those of interest for an MAV. 

Previously multipoint measurements recorded in “Open” terrain were presented (Thompson, 2011). 

Which corresponds to the least complex terrain type expected for MAV flight and provided a starting 

point to develop and refine methods of analysis. Further measurements were recorded in increasingly 

complex terrains including “Chaotic” city centre terrains, where MAVs are likely to be most useful are 

planned. These measurements are presented here along with details on the replication of this 
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turbulence in wind engineering type wind tunnels for the purpose of full scale testing of MAVs in 

repeatable realistic atmospheric turbulence. 

 

Figure 2: 4 Cobra probes spaced at 50mm on mast above a car. 

2 Wind Measurements 

The results presented here were recorded in Collingwood, an inner city suburb of Melbourne, 

Australia. The suburb is a mixture of light industrial, commercial and medium density housing.  

Four four-hole pressure probes, known as TFI Cobra Probes (Milbank, 2009), of 2.6mm head 

dimension were mounted on a lateral cross-head (see Figure 2) with a separation of 50 mm between 

each probe. Multi-hole probes were used because they provide a more robust alternative to hot-wire 

anemometers and, via a dynamic calibration, have a frequency response that is flat from 0 to 2,000 Hz. 

The probes were able to resolve the three orthogonal components of velocity and provide the static 

pressure, providing the flow vector was contained within a cone of ±45° around the probe x-axis. 

Details of the system and examples of use can be found in (Watkins, Mousley and Hooper, 2002) and 

verification and further details including dynamic capabilities, probe operation methodology and 

calibration techniques can be found in (Hooper and Musgrove, 1997) and (Chen, Haynes and Fletcher, 

2000). 

The limitation of the ±45° cone of acceptance was problematic in testing in such a chaotic location as 

the wind vector regularly exceeds this angle. To overcome this, the probes and the cross head were 

mounted 4 m above a vehicle (the maximum road legal height in Australia) and the probes were 

“driven” through the turbulence at a velocity of approximately 60 km/h. This adds a constant velocity 

component on to the velocity vector which significantly reduces the perceived pitch and yaw angles 

and can be very easily removed in post processing. 

 

Figure 3: Typical Streetscape from testing location (Collingwood, Australia) 
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Figure 4: Pitch angle of flow over (a) 10 s and (b) 0.1 s  

A 10 second extract of the pitch angle fluctuations from the 4 probes with lateral separation of 150mm 

is shown Error! Reference source not found. in Figure 4(a). The mean wind speed for this test was 

5m/s and the turbulence intensity, 18%. It is immediately apparent that the pitch angle varies 

significantly between -20 and +20 degrees over the 10 seconds; however all 4 plots appear to be 

reasonably well correlated. Zooming in further on the time axis to a 0.1 second span (Figure 4(b)) 

reveals that there are indeed large differences between the measurements of the 4 probes, in this case 

as much as 30 degrees between two probes that for this case were separated by 150mm. Similar 

behaviour is seen in the velocity fluctuations with recorded differences between probes of up to 2.5m/s. 

By calculating the structure functions of flow a measure of the magnitude of the differences between 

instantaneous flow measurements at different spatial locations can be obtained. The wind engineering 

community may be more familiar with the 2 point velocity correlation which presents similar 

information however the structure function was deemed more appropriate here as it is able to show the 

distribution of kinetic energy across different turbulent eddy sizes (Davidson, 2004). The structure 

function is calculated as the variance of the difference in velocity between two spatially separated 

locations. These spatially separated points can be achieved by using a single probe and applying 

Taylor’s hypothesis to move from the time to the spatial domain or by utilising multiple probes. Both 

methods were used here to obtain both the stream-wise and span-wise structure functions. Data for 

which are shown in the full paper along with typical spectra from the measurements. 

3 Replication of turbulence in a wind tunnel 

Using the statistics of the turbulence measured in the urban (and open) terrain it was possible to 

generate guidelines for the reproduction of turbulence (be it for physically in wind tunnel or 

numerically in a CFD analysis). From these statistics we have replicated relevant aspects of the 

turbulence in two large wind engineering tunnels and have conducted fundamental experiments on 

pressure tapped wings and a series of instrumented MAV flying experiments as can be seen in figure 5  
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Figure 5 (a) Full scale testing of untethered MAV & (b) Measuring surface pressures on thin wings in 

atmospheric turbulence. 

These experiments are detailed in the full paper. 

4 Conclusions 

4 multi-hole pressure probes have been used to document the turbulence in an urban area at scales 

(both temporally and spatially) relevant to micro aircraft, smaller birds and insects. Using this data a 

set of guidelines has been developed to replicate this turbulence in both the physical and 

computational domains to achieve realistic turbulence conditions to test MAVs in. Turbulence true to 

these statistics has been reproduced physically in wind engineering wind tunnels and this has been 

used to test full scale MAVs to develop the control systems that will eventually allow them to fly in 

complex terrain while maintaining straight and level flight. 
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