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ABSTRACT

Doppler Global Velocimetry is a laser measurement technique able to provide planar velocity fields in a flow seeded
with micronic particles. Its main advantage as regards wind tunnel experiments lies in the reduction of tests duration, as
several thousands velocity vectors can be obtained in a single shot.
The principle lies on a direct measurement of the frequency shift of the light scattered by moving particles (Doppler
effect). A narrow absorption band of iodine serves as a frequency-to-intensity converter in the form of a cell placed in
front of a CCD camera. The laser has to be tuned and thoroughly stabilized on one of these absorption bands. As
frequency drifts can never be really avoided, a patented device, described in this paper, has been designed to give realtime relationship between the intensity measurement and the Doppler shift.
The last experiments carried out in ONERA facilities with a two-component DGV system are reported here. First, an
OAT15A 2D airfoil has been tested in T2 transonic wind tunnel : the velocity maps precisely show the location of the
shock wave and are in good agreement with surface pressure taps measurements. This configuration was chosen to
demonstrate the ability of DGV in high speed flows with high velocity gradients.
Then, the wake of a 2D model, simulating a compressor rotor blade, has been experimented in another wind tunnel. The
mean velocity fields have been compared to PIV measurements.
Besides the encouraging results obtained in a large range of aerodynamic conditions, the paper describes specific issues
related to the implementation of such a DGV system in a wind tunnel : laser sheet generation and layout, seeding,
orientation of the receiving optics, accuracy etc...

1

CONTEXT

As regards wind tunnel applications, a real need is expressed by ONERA for planar velocity measurement. The
development of a DGV system has therefore been undertaken to investigate at first stationary flows, because this
technique offers a great potential to provide on-line bidimensional 3C velocity maps. However, there is a long way to
cover from simple laboratory tests on a rotating wheel to industrial use in large facilities.
DGV is often compared to PIV even though “the way to look at velocity” is completely different. DGV does not have
to track individual particles to provide their velocity, but measures the Doppler shift from the intensity of scattered
light. Consequently DGV is well adapted to large scale experiments where seeding is often a problem for PIV. The
velocity range can easily extend to supersonic flows with a constant error level of a few m/s. Finally, any component
can be retrieved provided a suitable geometrical arrangement is achieved.
However, implementing DGV is a difficult task, particularly in wind tunnels where optical accesses are not adapted,
crossings of windows generate interferences and reflections, … Most of the components (laser, iodine cell, cameras)
must have very specific characteristics, and the system on its whole is all the less commercially available. PIV which
started at least ten years earlier has now become a widely used technique implementing laser and camera systems
especially designed for that purpose ; the main developments now deal with the third component.
Both methods should be considered as complementary and used according to their respective “qualities”.
The on-line calibration device for the iodine cell presented in this paper increases the ease-of-use and reliability of the
DGV system developed at ONERA. The tests conducted in typical wind tunnel configurations are reported in the last
paragraph.
2

MEASUREMENT PRINCIPLE : DOPPLER EFFECT

Doppler Global Velocimetry is a laser technique based on the Doppler effect, which can be described by the following
ρ
equation ; the frequency shift ∆f of light scattered by a seeding particle can be connected to its velocity vector V and to
ρ ρ ρ
ρ
the geometrical conditions of emission and collection of light : λ 0 ∆f = λ 0 ( f 1 − f 0 ) = V. R − E (Equation 1), where E
ρ
and R are unit vectors, and λ0 the laser wavelength.
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Figure 1 : Doppler effect
These directions are potentially different at each point of the field of view and need to be accurately determined by
ρ
ρ
geometrical calibration steps (Meyers(2000), Lempereur(1999)). For a given pair of E and R vectors, only one
velocity component can be measured, which is not the same all over the plane.
Planar velocity measurement started being attractive for industrial purposes when measurement of Doppler shift was
transformed into light intensity measurement, thanks to an iodine cell (Komine, 1991). This element has many
absorption lines in the visible spectrum. If the laser is sharply tuned and frequency-stabilized in one of these bands, any
frequency shift will be seen as a change in light intensity through the cell (Figure 4).
The basic idea of planar DGV is to use two CCD-cameras as detectors, both observing the same section of a laser sheet.
By pixel-wise division of the two pictures and further post-processing, a transmission map can be obtained and

consequently one velocity component, according to the Doppler effect formula. Depending on the type of laser
(continuous or pulsed), the result is either a time-averaged or an instantaneous velocity image.
For each measurement point in the plane, the global process to obtain velocity consists in three major steps : a)
measuring light intensity on both sides of the cell. b) obtaining the Doppler shift corresponding to this transmission
ρ
ρ
ratio τ. c) determining E and R vectors at that point.
The first stage is mainly dependent on optical components and cameras, and will be partly discussed in paragraphs .3.3
and 3.4.The last one deals with geometrical issues which have already been reported.
The second step is often crucial because the temperature of the « cold finger » of the iodine cell has a strong influence
on the slope and location of the absorption profile, if the cell is saturated (Figure 4). The laser frequency, even with all
the stabilization devices, needs a few tens of minutes to get stable and is still subject to low frequency drifts and
adjustments : for instance, a drift of 130 MHz was recorded after one-hour working. A specific device has been
designed and patented to give real-time relationship between τ and ∆f. For this reason, frequency stabilization as well
as iodine temperature regulation become less demanding and experiments can be conducted more quickly and
accurately. This system called DEFI (Dispositif d’Etalonnage Fréquence/Intensité) is described in paragraph 4.
3
3.1

TECHNICAL CHARACTERISTICS OF THE COMPONENTS
Laser source and frequency monitoring

The laser oscillator is a « Spectra-Physics Argon 2060/65 BeamLok » model. This continuous wave laser is configured
with a monochromatic rear mirror to impose a wavelength of 514.5 nm. The beam diameter is equal to 1.7 mm with a
full divergence of 0.45 mrad. The polarization state of the emitted light is kept linear by Brewster windows. An intracavity Fabry-Perot etalon ensures a single frequency emission with a full width at half maximum not greater than 2
MHz. By controlling this etalon temperature, the laser frequency can be tuned to the slope of an iodine absorption line.
Specific devices known as BeamLok and J-Lok permit to keep respectively a stable laser beam position and the
smallest frequency jitter in the range of 10 Hz to 500 Hz, with a maximum output power of 2 W.
3.2

Light sheet generator

In order to generate a sheet from the laser beam, many solutions are available :
a) The most widely used consists in a cylindrical lens. The radiance distribution remains gaussian, and one of the
main drawbacks is the high intensity dynamics on the resulting images, which complicates the adjustments and
may reduce in turn the application range. Moreover, this device may induce high spatial frequencies due to
components of insufficient optical quality as lack of anti-reflection coating for example.
b) A LASIRIS diffractive lens which provides a quite flat intensity profile (Barricau 2001) has been tested during
the mentioned experiments (paragraph 4). The results are not fully satisfactory as the edges of the sheet show
strong intensity peaks, which “capture” an important part of the available light, and induce reflections at wall
approach. An optical adaptation is being made to improve these performances.
c)

In the case of mean velocity measurements with a rather long integration time, these problems can be avoided by
using a rotating polygon with reflective facets scanning the incident laser beam. To avoid generating frequency
shifts on the wave emitted by the laser (generation of a virtual moving light source with the rotating mirror !), it is
necessary not to make it turn too quickly during the DGV measurements (Lempereur (1999)).

A periscopic system has been developed to adjust the height of the light sheet crossing the test section. A flat mirror is
used to direct this plane towards the measurement area. The optical arrangement implemented at T2 wind tunnel is
represented in Figure 2.
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Figure 2 : Light sheet generation at T2 wind tunnel.
3.3

Receiving optics

The optical arrangement of the receiving optics is described on Figure 3. The front lens is an interchangeable camera
objective. A second lens is introduced to move back the image and form it on the two CCD sensors, with the help of a
beam splitter cube. To balance the optical power received by the two cameras during the measurements, the
transmission and reflection values have been chosen respectively equal to 60% and 40%, taking into account the
absorption induced by the iodine cell located in front of the Signal camera. Point sources have been introduced into the
intermediate image plane, in order to calibrate the receiving device during the acquisition steps ( paragraph 4).

Calibration point sources
located in the intermediate
image plane (DEFI system)
Beam splitter
cube

Front lens

Signal camera

Secondary lens

Iodine cell
Beam splitter cube
Secondary optics

Mirror
Reference
camera

Iodine cell

Mirror

DEFI
Front lens

Reference camera
Signal camera
Figure 3 : Optical arrangement of the receiving optics
As shown in Figure 4, the iodine cell is a glass cylinder of 30 mm in diameter and 60 mm long, equipped with a cold
finger on which crystals always remain. The cell body contains iodine vapor, maintained at a temperature Tcell at least
10°C higher than that of the finger Tfinger. In this configuration, the iodine vapor concentration, and consequently the
transmission through the cell, mainly depends on the temperature of the finger. Figure 4 shows the influence on the
absorption profile, of a few degrees change in Tfinger. To prevent these fluctuations in the transmission profile, some
teams (Willert (2000) Roëhle(1998)) use “starved” iodine cells with unsaturated iodine vapor. Beyond a given cell
body temperature, the iodine is completely evaporated and consequently the amount of vapor remains at a constant
level. This is a way to overcome the difficulty of accurate temperature stabilization. However, in some cases, it may be
interesting to adjust the finger temperature in order to modify sensitivity in the τ(∆f) function and adapt it to the
current velocity range. This last solution has been chosen as the transmission profile is continuously scanned with the
DEFI device.
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Figure 4 : Iodine cell – Transmission versus the laser frequency – Thermal effect on the transmission profile
3.4

Cameras

The cameras are, with the iodine cell, one the key components of a DGV system. Great progresses have been made
from 8-bit analog cameras to the 12 or 16-bit used at present. However, the sole number of bits is not a guarantee of
accuracy. Some important features have to be taken into account :
a)
The sensor must be cooled so as to ensure the dark current level (with its associated noise) remains “low” and
independent of the integration time. This value is considered as an offset and subtracted from further images. The
temperature should be maintained to an absolute value (typically –12°C) and not to 37°C below the ambient level
as is often done. Actually, the temperature inside the receiving unit, which is a closed box, may increase during the
course of experiments, and thus make the dark current higher : it doubles for every 5 to 7°C increase.
b)
The full well capacity is an important characteristic as the variance of photon shot noise is inversely proportional
to it. Values of 300 ke- are among the best to be found at present. To improve signal to noise ratio, binning can be
applied but to the detriment of spatial resolution. Even if the total number of velocity vectors is still high after a
4x4 binning (256² for a 1024² initial format, for example), it should be noted that spatial gradients as shock waves,
thin wakes or vortices cores may be distorted by this smoothing process.
c)
The quantum efficiency is also an interesting feature, which has been drastically improved by the back-thinning
technology. For instance, at 514 nm, it now reaches 85% whereas it was about 15% in the previous form (ie:
Hamamatsu sensor S7170).
d)
Linearity of response throughout the dynamic range as well as pixel response non-uniformity are also improved.
In short, the new generation of CCD image sensors should be a great help to improve measurement accuracy and ease
of use.
4
4.1

Frequency to intensity calibration : DEFI device.
Principle

The principle lies on the observation of known-frequency light sources, which are introduced in an intermediate image
plane and thus partially overlap the image of the seeded flow (Figure 5).The whole DEFI process is represented on
Figure 7 : about 10% of the laser beam power is injected into an acousto-optic device which generates five diffraction
orders, of frequencies equal to f0 – 2F, f0 - F, f0, f0 + F, f0 + 2F, where F is the frequency of the acoustic wave. Each
order is split by a sinusoidal grating into three beams before being injected into polarization-preserving single-mode
fibers. Thus, one detection device receives five optical fibers used to transport the frequency-shifted optical waves
coming from the laser. The cleaved endfaces provide point sources located on one edge of the intermediate image
plane.
The first positive lens is used to focus the laser beam into the acousto-optic crystal in order to balance the power of the
five diffraction orders (Raman Nath mode). The secondary positive lenses are used to focus these diffraction orders on
the core of the optical fibers, in order to insure a good coupling efficiency. The optical power can be modulated on all
of the fibers by tuning the modulator (half-wave plate in front of a Brewster polarizer) located before the acousto-optic
crystal whereas it can be adjusted on each calibration point source by tuning the injection of the laser beams into the
optical fibers with the help of precise positioners. By choosing the frequency “F” of the acoustic wave equal to 80

MHz, five calibration points can be generated to describe at best the transmission profile of the iodine cell on a 320
MHz range, as represented on Figure 5. The transmission curves of the iodine cells for the three receiving devices can
thus be calibrated while the images of the seeded flow are being acquired..
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Figure 5 : Real time calibration of the detection devices using frequency-shifted point sources localized on the edge of
the intermediate image plane.

Figure 6 : Intensity profile of the image of a calibration source (x,y : pixels, intensity range : 0-4095).
A mathematical model of the “τ(f)” function can be adjusted on these measurement points in order to interpolate the
curve, particularly in the non-linear parts that can be reached when the Doppler shift is large. The following threeparameter model is used on each monotonous part of the profile: τ ( f ) = a /(1 + e

f −b
c )

(Equation 2)

The optical power needed to generate these calibration point sources is about a few µW. So, extra optical components
can be added if necessary on the path of the laser beam into the DEFI device. For instance, another acousto-optic
system (Bragg mode) can be added before the Raman Nath device, in order to shift all of the point sources in the
frequency domain. This offset is equivalent to adding a continuous frequency shift and consequently a continuous
velocity, which can be very useful to make measurements in very high speed flows.
4.2

Image data processing

The images of the DEFI sources on the CCDs are typically a few pixels wide (Figure 6). They undergo the same
classical processing steps as the rest of the image, (i.e. background level subtraction, signal to reference ratio, current
frequency to flatfield ratio) in order to give a “normalized” ratio to map to a frequency shift (Lempereur, (1999)).
However, these ratios are not made on a pixel-to-pixel basis, but on the global intensity of the image of the source. For
each source, the brightest pixel is located and the intensities are summed in a 3x3 neighborhood. The value thus

obtained does not correspond to the total intensity of the source, but is processed according to the above mentioned
steps to yield the expected transmission ratio ; the result is precise because the intensity profiles remain homothetic in
the various images involved in the calculation. This method is not sensitive to background noise, does not require any
thresholding parameter and turns out to be robust and accurate.
One important point is to avoid saturation which would distort any further calculation. To facilitate intensity
adjustments of light into fibers, the images of the sources are brought slightly out of focus, so as to spread the spot.
All this DEFI calibration process is “responsible” for less than 0.5 m/s error on the final measurement.
Light sheet generator

Laser

fo
Beam splitter

Lighting device
Continuous modulator
Positive lens

fo + 2F

fo
F

fo + F
fo

Sinusoidal beam
splitter diffraction
gratings

fo- F
fo -2F

Driver

R3
R2

Acousto-optic
frequency shifter
(Raman Nath)

Positive lenses
Positioners

Polarization-preserving
single-mode fibers R1

R1

R3
R2

R2
R3

R1

R2

R3

R1

R2

R3

R1

Reference camera

Optical fibers

Object plane
(seeded flow)

Computer
Iodine Cell

First lens
Frequency shifted point
sources (first image plane)

Signal camera
Temperature control
Beam splitter cube

Relay lenses
First receiving device

R1 : First receiving device
R2 : Second receiving device
R3 : Third receiving device
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5
5.1

DGV MEASUREMENTS IN WIND TUNNELS
Implementation issues

The two following experiments deal with bidimensional flows. Wind tunnel implementation is less easy to handle than
for PIV, where the laser sheet must constitute a plane including the velocity components to measure. One classical
layout, for a XZ flow, is that of Figure 10-c : the light sheet is introduced from an upper aperture, and observed by a
camera from a side window.
ρ
ρ
As seen before, DGV yields off-plane components ; such a configuration, where E is directed towards Z and R
towards Y, would only give VZ and a useless VY. To get a significant part of VX, the camera has to be moved so as to
view the plane with a related Rx component. Nevertheless, the particles are roughly observed at an angle of 90°, where
the intensity of scattered light can be up to one thousand times lower than the maximum value obtained in forward
scattering. Generating an XZ light sheet from upstream or downstream would improve this point, but implies to set
endoscopes or mirrors inside the wind tunnel. In the case of a 2D flow, -or at least, in the area where the flow can be
considered as bidimensional-, a way to overcome these constraints is to generate a vertical plane at an angle with an XZ
plane, as shown in Figure 9-a. This can be done from a lateral window, and the scene observed from the opposite side
in forward scattering. The Z component is obtained by giving “dive” to the light sheet (Figure 10-d) and/or to the
observation direction.
In most cases, perspective views are needed to fulfill the compromise between geometry and intensity requirements.
This induces a constraint on the shape of the field of view, which is far from being square. Moreover, when two or
three receiving optics are used to retrieve the velocity components, the intersection of the fields of view has to be
calculated to match the area of interest.
As a consequence of viewing under very different scattering angles, the integration time has to be adapted on each
receiving unit to provide the best intensity dynamics.
A numerical difficulty may occur in the final resolution of the system (Eq 3). If the weights of one component (ie VZ)
are small compared to that of the other (ie VX), the measurement errors on the frequency terms (∆fi) will have greater
repercussions on this VZ component.
All these considerations show that prior to any wind tunnel implementation, many factors have to be taken into account
and analyzed : nature of the flow, expected ratio of velocity components, optical accesses, … in order to obtain the best
ρ ρ
compromise on ( R − E ) coefficients, to get enough intensity from scattered light, and to define a suitable common
viewing area. A dedicated software is useful to process and optimize all these data.
In this context, the extension to 3C measurement appears critical. If three receiving optics are to be used to retrieve the
three velocity components, the difficulties mentioned above are all the more important. One attractive option is to
combine two light sheets and two camera systems. At each pixel, four equations are thus available to determine three
unknowns (Equation 3). In this case, the pictures of the two light sheets have to be taken successively and the method
only gives the mean velocity of stationary or periodic flows.
ϖ
∆f 1a .λ 0 = V X ( R X 1 − E Xa ) + VY ( RY 1 − EYa ) + V Z ( R Z 1 − E Za )
first light sheet E a 


"

∆f 2 a .λ 0 = V X ( R X 2 − E Xa ) + VY ( RY 2 − EYa ) + V Z ( R Z 2 − E Za )
ϖ

second light sheet E b  Equation 3
∆f 1b .λ 0 = V X ( R X 1 − E Xb ) + VY ( RY 1 − E Yb ) + V Z ( R Z 1 − E Zb )

∆f .λ = V ( R − E ) + V ( R − E ) + V ( R − E )
"
X2
Xb
Y2
Yb
Z2
Zb
X
Y
Z

 2b 0
As regards seeding, a compromise has to be reached. On one hand, a low seeding level implies a long integration time,
which is not always possible because of camera performances or other running constraints. For instance, the seeding
generator used here delivers particles in short “blasts” during when the images must be taken. On the other hand, a high
seeding level induces secondary scattering which distorts measurements and cannot be eliminated.
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Figure 8 : Configuration with two light sheets and two camera systems
5.2

Tests in ONERA / T2 transonic wind tunnel

Experiments have been made in ONERA T2 transonic facility ; a 190mm-chord OAT15A model has been placed at an
angle of attack of 2°, with upstream Mach numbers close to 0.74. A supersonic area appears over the suction side and
ends by a shock at mid chord. The flow is bidimensional with a main streamwise component. The interest of such a
configuration is to demonstrate the ability of DGV for high-speed and high velocity gradient measurements.
The setup is represented in Figure 9-a. The test section is square (L ≈0.4m) and two small side windows are the only
optical accesses. For the reasons mentioned in 5.1, the laser sheet is at an angle of 17° to Y direction, and the cameras
view in forward scattering from the opposite side. The available elevation for one of the camera systems is not
sufficient to accurately calculate Vz component which is small (<10m/s) compared to Vx (up to 400m/s), but velocity
modulus (or Mach numbers) can be calculated in good conditions. To retrieve Vz, the light sheet should be generated
from the top of the wind tunnel for instance.
Figure 9-b represents the velocity map above the airfoil, including the shock. The initial field of view has been
projected on XOZ plane, assuming the flow is bidimensional in the central part of the test section. The profiles drawn at
different heights above the airfoil show that the intensity of the shock decreases with Z. These values are in good
agreement with classical relationship between upstream and downstream Mach numbers. The black dots are velocity
values calculated from surface pressure taps measurements ; the shock is less abrupt there because of the boundary
layer. However, the initial and final velocities match those found outside the boundary layer at Z=8.5% chord, for
instance. The curved shape of the shock can be seen on Figure 9-d, as well as its backward shift with increasing Mach
numbers.
It would have been interesting to come closer to the model surface and investigate the boundary layer but light
reflections due to the relative positions of the sheet and the model make it impossible.
The difficulties in implementing DGV in such supersonic flows are of different natures : 1. Seeding may become
insufficient as velocity increases. 2.As the velocities are high and their range is large (from 250 to 400 m/s), the
corresponding Doppler shifts must remain in the linear part of the absorption curve of the iodine cell ; so, the laser
frequency f0 has to be chosen appropriately (§4). 3. The presence of a gradient implies a perfect superimposition of the
images and does not allow spatial averaging.
The interest of DGV is to give a whole Mach number map at a time and visualize the shock in a large area with a good
spatial resolution.
The images have been taken with an integration time of 500 ms, in 2x2 binning mode ; the resolution is equal to 512²
pixels. Dewarping from the image plane to the XOZ plane with a resolution of 1mm² is the only smoothing process.
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Figure 9 : DGV experiments on an airfoil in a transonic flow
5.3

Tests in Sup’Aéro F757 wind tunnel

In the scope of applications to turbomachinery, experiments have been made on an axial compressor blade in a wind
tunnel, where specific walls have been designed to simulate two interblade passages (Figure 10-b). The interest here is to
retrieve the two velocity components VX and VZ in the wake of the blade. Both DGV and PIV measurements have been
conducted in this area, in a comparison purpose. PIV has been made in several parallel vertical planes in order to check the
bidimensional nature of the flow. DGV setup is similar to the one in T2, but the laser sheet comes from top to bottom in
ρ ρ
order to get VZ in better conditions. Figure 11 shows the projection of velocity on ( R − E ) directions for both camera
systems ; maps of such components have also been calculated from PIV measurements and DGV calibration procedures.
The wake appears as a decelerated area, slightly deflected towards the bottom. The PIV/DGV qualitative comparison is
quite satisfactory. However, the image of the first DGV receiving unit reveals a blurred spot beyond 60% chord, due to oil
deposit on the window, which makes the measurement wrong in this area. The nature and size of the seeding particles is an
important issue as regards their scattering properties, which has been discussed by many authors. In addition, some
products such as oil droplets should be avoided because of their soiling effects.
To estimate the quantitative performances, Figure 12 represents VX and VZ velocity profiles at 30% chord in the wake
obtained by PIV and DGV. The PIV measurements are averaged from one hundred instantaneous fields, while DGV maps
are obtained with one raw image of 500 ms integration time. Both results are in good agreement, within 1m/s as regards the
profile of the wake itself. However, DGV maps show oscillations due to a bad camera working which does not affect the
validity of the measurement process.
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Figure 10 : DGV and PIV setups on an axial compressor blade at Mach 0.4
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Figure 11 : DGV / PIV comparison of V ( R − E ) velocity components from both receiving optics
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Figure 12 : VX and VZ velocity profiles in the wake of the blade.
The actual measurement accuracy in a wind tunnel configuration is always difficult to settle because other measurement
devices are involved that have their own error sources, are not implemented simultaneously, are based on a different
physical phenomenon or on different tracers, … However, consistency of the results can be appreciated and
discrepancies approximately remain within 2 m/s.
6

CONCLUSION AND OUTLOOK

Recent developments and wind tunnel tests of the ONERA two-component DGV system have been presented in this
paper. The emphasis has been put on the DEFI device which performs on-line calibration of the frequency-to-intensity
conversion process. This element can be regarded as an innovative contribution to DGV.
The results of two types of tests have been reported and compared to pressure taps or PIV measurements. They
demonstrate the feasibility of such wind tunnel experiments for mean flow investigation, up to supersonic velocities.
DGV still needs some improvements to become easy to use and attractive for potential industrial users. Some problems
must be deepened, as seeding in large scale facilities, stray lights coming from reflection on models, optical accesses,
wall approach, mechanical stability,... A systematic use of DGV as a qualitative and quantitative diagnostic tool
should be envisaged in a nearby future, in wind tunnels such as ONERA S2 Modane or ETW, as part of a cooperative
program between ONERA and DLR.
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