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ABSTRACT

Amajor risk to helicopters is the unexpected encounter of degraded visual environments in close-to-ground

operations, where a loss of visibility often is caused by clouds of dust (brownout) or snow (whiteout) stirred up

by intense downwash. The understanding of the phenomenon is limited, and there is a need for instruments

that canmeasure flow fields on scales larger than a fewmeters with good resolution. This paper reports on the

use of synchronized continuous-wave Doppler lidars for rotorcraft downwash flow field studies.

Built from a modified ZephIR wind lidar and a double-prism arrangement for agile beam steering, a wind

scanner—WindScanner—has been developed at the Department ofWind Energy at the Technical University

of Denmark (DTU) Risø campus. The WindScanner measures the line-of-sight component of the airflow

remotely and by rapid steering, the line-of-sight direction and the focus position; all points in space within

a cone with a full opening angle of 1208 can be reached from about 8m out to some hundredmeters depending

on the range resolution required.

The first two-dimensional mean wind fields measured in a horizontal plane and in a vertical plane below

a hovering search and rescue helicopter are presented. Since the line-of-sight directions of the two syn-

chronized WindScanners were scanned within the plane of interest, the influence of the wind component

perpendicular to the plane was avoided. The results also demonstrate the possibilities within less demanding

flows encountered within complex terrain and wind-energy-related research for which the WindScanner

technology primarily has been developed.

1. Introduction

Amajor hazardous risk to helicopters is the unexpected

encounter of degraded visual environments (DVEs) in

close-to-ground operations, where a loss of visibility often

is dangerously detrimental. The rotor downwash flow can

cause such conditions as low visibility by stirring up sand

and dust into an obscuring cloud surrounding the rotor-

craft. This particular phenomenon is termed ‘‘brownout’’

and its counterparts occurring above water and above

snow are termed ‘‘whiteout.’’

Despite ongoing developments of various support

aids for pilots inDVEs, including visual displays but also

innovative tactile display techniques (Jansen et al. 2008)

of information gathered from traditional flight param-

eters or enhanced artificial images in, for instance, the

terahertz range (Fiorino et al. 2012) or from range-gated

detection of active pulsed illumination (Roy et al. 2012),
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there is still a lack of fundamental knowledge about the

brownout process itself.

In particular, knowledge about the influence of vari-

ous rotorcraft design parameters on the severity of

brownouts is limited, as pointed out by Milluzzo and

Leishman (2010), who by analyzing photographs and

videographs of brownout events found some clues to

which parameters are of importance for the severity of

the events. Computational fluid dynamics (CFD) cal-

culations have also previously been used in order to gain

insight into the brownout phenomenon, but there is only

limited experimental data from full-scale flight tests

for code verification, as mentioned by Wadcock et al.

(2008), who imaged the movements of tufts on a grid

below a hovering helicopter as an experimental in-

dicator of the downwash footprint.

However, for some time there has been a vision about

rapid three-dimensional measurements of turbulent

flows in complex environments (Mikkelsen et al.

2008). Now a ground-based remote-sensing wind-scanning

instrument—WindScanner—has been developed at the

Department of Wind Energy at the Technical University

of Denmark (DTU) Risø campus in Denmark. The tech-

nology has primarily been developed for studies of the

three-dimensional flow fields around wind turbines and

the wind fields around complex natural and man-made

structures. Here, however, the potential of the technology

for full-scale rotorcraft flow field studies is outlined and

a proof-of-concept trial in the extremely turbulent and

complex downwash flow below a search and rescue (SAR)

helicopter is presented.

2. The measurement technology

The WindScanner research infrastructure consists of

both continuous-wave short-range and pulsed long-

range remote sensing wind lidar systems. The short-

range WindScanner technology is based on a coherent

continuous-wave wind lidar instrument—that is, a

ZephIR 150manufactured by Natural Power (Malvern,

United Kingdom), which is designed based on the

principles outlined in Karlsson et al. (2000), although it

has been modified according to the description below.

For agile beam scanning, a patented double-prism ar-

rangement was developed in cooperation with the in-

dustrial design firm IPU (Kongens Lyngby, Denmark).

This arrangement allows for rapid and synchronized

steering of the pointing directions of a focused laser

beam by rotating two wedge-shaped optical prisms and

steering of the focus position by a motor moving an

optical fiber relative to the focusing lens in each

WindScanner. Thus, all locations within a cone with

a full opening angle of 1208 can be reached from about

8m out to some hundred meters depending on the

range resolution required.

The wind lidar measures a line-averaged (Sj€oholm

et al. 2009) line-of-sight component of the wind by co-

herently detecting the beat frequency between the trans-

mitted light and the Doppler-shifted light backscattered

from naturally occurring aerosols in the moving air. Typi-

cally, the encountered Doppler shifts are in the megahertz

frequency range, since a line-of-sight wind speed of 1ms21

corresponds to 1.28MHz at the particular wavelength of

1565nm used. The detected signal is sampled at 100MHz

and from 512 samples a fast Fourier transform (FFT) cal-

culates spectra extending up to 50MHz, which allows for

wind speed assessment up to about 39.1ms21. However, in

order to distinguish between winds blowing away from or

toward the instrument, an acousto-optic modulator shifting

the transmitted light by 27MHz is incorporated, which

limits the detectable line-of-sight wind speed on the posi-

tive side to 18ms21. In this study, typically 500 such spectra

were averaged to reduce the noise contribution, rendering

a stream of averaged spectra at a rate of 390.625Hz.

The line-averaging sampling profile of such a focused

coherent lidar has been characterized in detail (Angelou

et al. 2012b), and the velocity estimation for conically

scanningZephIRs has previously been verified (Gottschall

et al. 2012). However, the particular instruments used

have a larger effective beam radius (28 instead of

20mm) on the telescope, which means that a better

confinement of the sampling volume along the beam is

achieved. For the instrument used, the full width at

half maximum (FWHM) of the Lorentz-shaped line-

of-sight sampling profile is 12.6m at a measurement

distance of 100m and since the width depends qua-

dratically on the distance between the instrument and

the center of the measurement volume, the correspond-

ing width has decreased to 3.2m at a distance of 50m, and

at a distance of 10m it is only about 0.1m.

3. The experimental setup

In the beginning of December 2011, a helicopter

downwash proof-of-concept field test was performed with

two synchronized ground-based short-rangeWindScanners.

They measured the flow field below a hovering SAR

helicopter in a horizontal plane close to the ground and

in a vertical plane below the helicopter. The particular

short-range WindScanners used for measuring the two-

dimensional domains of two of the wind vector com-

ponents were the units R2D1 and R2D2. By using two

WindScanners and keeping the line-of-sight directions

of them inside the planes scanned, the wind components

perpendicular to the planes of interest were not influ-

encing the line-of-sight wind speeds measured.
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The setups used during the scanning in the horizontal

plane and in the vertical plane are outlined in Fig. 1.

A special mount with easily adjustable legs was used in

order to facilitate measurements close to the ground.

With this arrangement, the scanning beam emanated

from a height of only 0.32m above the EUR-pallet on

which the WindScanner was standing. Thus, the scanned

horizontal plane (z 5 0m) was about 0.46m above the

ground. In addition, the EUR-pallet arrangement made

the WindScanners easily movable by a lifting fork.

For the scanning of the horizontal plane, the center of

the measurement volumes of the two laser beams syn-

chronously traced the trajectory of an Archimedean

spiral that spiraled outward from the origin of the co-

ordinate system, through 15 revolutions during 10 s, out

to a radius of about 30m and then back to the origin

during 2 s along a radial ray crossing the center of the

line between the two WindScanners. Along the return

line in the scanning pattern, an ultrasonic anemometer

sampling at 100Hz was manually traversed in order to

study the high-frequency content in various local mea-

surement positions.

For the scanning of the vertical plane, the locations of

the twoWindScanners were the same as for the scanning

of the horizontal plane. However, they were directed

toward each other with the helicopter hovering above

the center of the 78.8-m-long line between them. The

center of the measurement volumes of the two laser

beams synchronously traced the trajectory of a sinusoi-

dal wave oscillating between ground and a height of

20m with 40 periods within a 50-m-long horizontal

range centered below the helicopter in 20 s and then

back along a horizontal line to the starting point in 2 s.

4. Analysis procedure

The data analysis starts by the synchronization of wind

Doppler spectra streamed from the lidars with the cor-

responding measurement positions in the air calculated

from the motor positions sampled by the motion control

system. Subsequently, the Doppler spectra are normal-

ized by a noise background spectrum in order to flatten

out the spectra, such that structures in the spectra that

are due to the measurement system itself become flat

in the whitened spectra, as discussed in Angelou et al.

(2012a). To increase the apparent spectral signal-to-noise

ratio, several spectra are averaged. In this study, the

spectra are sorted into grid cells with the size of 2m3 2m

in the horizontal scan and into grid cells with the hori-

zontal size of 2m and the vertical size of 0.5m in the

vertical scan, and then the median value in each fre-

quency bin is calculated from all the spectra obtained

in each grid cell during each scan, resulting in a so-

called median spectrum, with less noise.

The spectrum of the Doppler-shifted backscattered ra-

diation basically describes the velocity distribution within

the sampled volume filtered by the Lorentz averaging

function (Sj€oholm et al. 2009). In the case of a spectrum

resulting from a constant steady wind speed with low tur-

bulence and a good signal-to-noise ratio rendering a dis-

tinct single narrow peak, the frequency location of that

peak is straightforward to find. However, in a turbulent

flowbelow a rotorcraft the peak broadens, as seen in Fig. 2,

and it becomesmore challenging to estimate themeanwind

speed, as discussed in Angelou et al. (2012a). Therefore,

a frequency estimation procedure based on a Gaussian-fit

algorithm is used in this study as illustrated in Fig. 2, where

also the influence of the varying sampling volume can be

seen. The left spectrum in Fig. 2 is sampled at a line-of-sight

distance of 23.4mwith a sampling volume of 0.7m,whereas

the right spectrum is sampled at a distance of 55.4m with

a sampling volume of 3.9m, which results in a broader

spectral distribution due to the rapid spatial variability of

the downwash flow.

As long as the two line-of-sight directions are scanned

within a common plane—for example, the x–y plane—

and not coinciding, the combined corresponding two-

dimensional wind vector components in that plane—that

is, yx and yy—can be retrieved from the two simultaneously

measured line-of-sight wind speeds y1 and y2, which also has

been discussed in, for instance, Newsom et al. (2008). The

retrieval was done by Eq. (1), where k5 cos(a1) sin(a2)2
cos(a2) sin(a1) and a1 and a2 are the polar angles (positive

counterclockwise seen from above) from the x axis toward

FIG. 1. The image shows the experimental setup for scanning

a horizontal plane beneath the hovering helicopter. Note that for

scanning the vertical plane, the helicopter was instead hovering

above the center of the line between the R2D1 and R2D2

WindScanners. The coordinate system used for the horizontal

scan is outlined by dashed lines and index H, whereas the co-

ordinate system used for the vertical scan is outlined by solid

lines and index V.
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the line-of-sight directions going from the center of the

measurement volumes toward the instruments,
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5. The flow field in a vertical plane below
a helicopter

While the SAR helicopter was hovering at a height of

70 ft (;21m) with the front almost aligned with the

negative x axis, the downwash was measured in a vertical

plane below the helicopter by twoWindScanners and the

averaged results for a period of 9min are presented in

Fig. 3. The center of the scanner head of the R2D1

WindScanner was placed at x 5 239.4m and z 5 0m,

which explains why the sampled component of the wind

vector in the bottom-left corner of the top panel in Fig. 3

is positive, since the flow away from the helicopter hov-

ering above approximately x 5 0m is directed toward

the R2D1 WindScanner in that region. Correspond-

ingly, in the bottom-right part, the flow is away from the

R2D1WindScanner, resulting in a negative wind speed

component measured by the R2D1 WindScanner.

The corresponding average of the line-of-sight wind

component measured by the R2D2WindScanner placed

at x 5 39.4m and z 5 0m is displayed in the middle

panel in Fig. 3, and the resulting combined vertical two-

dimensional flow field is presented in the bottom panel

in Fig. 3. It can clearly be seen that the mean flow below

the rotor is directed downward and confined within

a diameter of about 20m and that the flow deflects

outward as it approaches the ground.

6. The flow field in a horizontal plane close to
ground

In addition to the measurement of a vertical plane, the

helicopter downwash was also measured in a horizontal

plane about 0.46m above the ground with the helicopter

hovering at 90 ft (;27m) approximately above the origin

of the coordinate system andwith the front almost aligned

with the 1358 radial ray relative to the x axis. Using Eq. (1)

the 10-min-averaged line-of-sight wind components mea-

sured by theR2D1WindScanner placed at x5260mand

y 5 0m and the R2D2 placed at x 5 0m and y5 250m

were combined into an average two-dimensional flow

field in the horizontal plane, as presented in Fig. 4.

It can clearly be seen in Fig. 4 that the flow emanates

from a location slightly above and to the right of the

center of the plot, where the helicopter was located

within about a meter according to the pilot. The x axis in

Fig. 4 is approximately pointing toward west-northwest

in the direction of 2858 from the north and the average

ambient wind was reported to be 2 kt (1 kt5 0.51m s21)

easterly, which contributes to the slight displacement of

the downwash. The measured flow field exhibits, as ex-

pected, an almost annular shape with some complex

structures and maximum speeds at about some 15m

from the center of the calm area below the helicopter.

As an illustration of the turbulent fluctuations on the

time scale of completing a scan pattern—that is, 12 s—

the time evolution of the x-axis-parallel component of

FIG. 2. The spectra from the vertical scan at the location x 5 216m close to ground measured (left) by R2D1 at

a distance of 23.4m with a sampling volume of 0.7m and (right) by R2D2 at a distance of 55.4m with a sampling

volume of 3.9m. A Gaussian curve was fitted to the spectra as shown and the location of its peak was used as an

estimate of the mean speed, which in this particular example was estimated to be 14.2 and213.7m s21, respectively.
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FIG. 3. The 9-min-average line-of-sight wind component yr measured by WindScanner (top) R2D1 and (middle)

R2D2 (contours and shading). (bottom) The retrieved two-dimensional (x–z) wind field (vectors, contours, and

shading) in a vertical plane beneath the helicopter.
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the two-dimensional velocity field in Fig. 4 along the x

axis at y 5 0 is given in Fig. 5 for the time period of

10min during which the averaging of the mean flow

presented in Fig. 4 took place. In Fig. 5, it can be seen

that even the 12-s individual scans reveal the main av-

erage structure of the flow. However, in order to quan-

tify the influence of the averaging time, a few x-axis

locations (20, 10, 0, 210, and 220m) in Fig. 5 were se-

lected, and the influence of increasing averaging time is

shown in Fig. 6. As can be seen, an averaging time of

about 2min was sufficient for obtaining a stable assess-

ment of the average flow in this case.

Along the return line in the scan pattern from the

bottom-left corner to the origin (2258 from the x axis) in

FIG. 4. The 10-min-average two-dimensional (x–y) wind field (vectors, contours, and shading), in a horizontal plane

close to ground achieved by combining the line-of-sight wind velocities measured by the two WindScanners.

FIG. 5. The time evolution of the x-axis-parallel component of the two-dimensional velocity

field (shading) in Fig. 4 along the x axis at y 5 0.
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Fig. 4, a comparison with an ultrasonic anemometer

could be done. The ultrasonic anemometer stayed in

each measurement position for a period of 41 s (ac-

quiring 4096 samples at 100Hz) and then traversed

a distance of 2m along the line to the next measurement

position. The 15measurement positions were completed

within a period of slightly more than 10min. During the

same period, theWindScanners were scanning the entire

horizontal plane and the mean speed in each 1-m-long

grid cell was evaluated. In Fig. 7, the 41-s-average hor-

izontal wind speeds obtained from the ultrasonic ane-

mometer are plotted in black and the 10-min-average

horizontal speeds obtained from the WindScanner sys-

tem are plotted in red. The gray area is based on the

maximum and minimum of the WindScanner-measured

12-s-average horizontal speeds in each grid cell obtained

during the 10-min-long measurement period. The agree-

ment between the two instruments is good, and the

slightly higher speeds measured by the ultrasonic ane-

mometer close to the helicopter center could be at-

tributed to the sonic anemometer alignment, causing

part of the large vertical wind component present close

to the helicopter to show up as a horizontal wind

component.

7. Discussion and conclusions

The complex and turbulent downwash flow field be-

low a SAR helicopter in this study has been charac-

terized with high spatial resolution remotely by two

short-rangeWindScanners. The results suggest that the

continuous-wave Doppler-lidar-based WindScanner

technology can assess downwash and potentially sup-

port rotorcraft optimization regarding, for example,

minimizing the risk to aircraft and personnel when

operating in a search and rescue role, and can con-

tribute to the understanding about brownout and sim-

ilar phenomena.

The current implementation of the technology can

measure the line-of-sight velocity in the range from221

up to 18m s21. However, this velocity range is not

a fundamental limit, since it can be extended by, for

example, a higher center frequency shift combined with

a higher sampling rate or by introducing a quadrature

detection scheme (Hogenboom and DiMarzio 1998),

which can provide the sign of the line-of-sight velocity

without the use of an acousto-optic modulator.

Combining the flow field measurement capabilities of

the WindScanner technology with the concentration

mapping capabilities provided by scanning aerosol and

differential absorption lidars could constitute a fruitful

combination for detailed studies of rotorcraft-downwash-

generated brownout as well as remote flux estimation of

environmental pollutants (Sj€oholm et al. 2004).

These first mean two-dimensional complex turbulent

wind field measurements by the WindScanner technol-

ogy are not only of interest to the aviation community.

In fact, the technology also has applications within the

wind energy and atmospheric boundary layer commu-

nities, since the spatial and temporal resolution pro-

vided by the WindScanners is suitable for studying

FIG. 6. The wind component in Fig. 5 at x locations220,210, 0, 10, and 20m (in the order of

decreasing line thickness) averaged during increasingly longer averaging periods ranging from

12 to 600 s.

FIG. 7. The 41-s-average horizontal wind speeds obtained from

the ultrasonic anemometer (black) and the 10-min-average ones

from the WindScanner system (red). Also plotted is the maximum

and minimum of the WindScanner-measured 12-s-average hori-

zontal speeds in each grid cell obtained during the 10-min-long

measurement period (gray area).
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detailed flow fields, mean and turbulent, on scales typically

present around wind turbines, buildings, and small nat-

ural structures.
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