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Abstract:

Over the past few years, ONERA has performed DGV measurements in wind tunnels, -some of
them in cooperation with DLR -, testing different configurations with the aim of improving the technique and
making it available in an industrial context. First, the major key-elements of such a system are discussed: online laser frequency measurements, optimization of emission/reception configurations, compromise between
sensitivity and scattering efficiency, multiple light sheets versus multiple camera systems. The optimized
solution is then confronted with limited optical accesses, light reflections on walls or model to iterate the
design of the final configuration. The results of two main experiments are then presented:
• The half-wake of a transport aircraft model in a landing configuration was investigated in F1, a large
industrial ONERA facility. The size of the field of view, the ability to follow on-line variations of the
angle of attack or Mach number, made this test conclusive as regards the interest of mean 3C velocity
maps.
• The tip vortex developing in the wake of a 2D symmetrical airfoil was studied in the ONERA F2
research facility. The DGV experiment was conducted in cooperation with DLR. A composite system
was built to take advantage of the skills and hardware of the two teams. Velocity maps were obtained for
various angles of attack and positions in the wake, showing a very good agreement with LDV
measurements.
The results in a transonic wind tunnel are also recalled to illustrate the ability of DGV to tackle high-speed
flows. In all these campaigns, comparisons with established velocimetry techniques such as LDV, pressure
probes or PIV are our major concern, as they represent the best way to assess the accuracy.
Finally, the potential of DGV to give on-line three-component mean velocity maps is confronted to the needs
expressed by the wind tunnel operator community and airplane manufacturers in terms of on-line diagnosis
to determine the influence of aerodynamic or geometrical parameters during the course of experiments: angle
of attack, Mach number, flaps or ailerons settings …

1. Introduction
Doppler Global Velocimetry is a planar velocimetry technique based on the Doppler Effect. The
measurement area is materialized by a laser sheet; the light scattered by seeding particles is
frequency-shifted with regard to the incident light. The simplified Doppler formula recalled in Fig.
r
r
r
1 shows this frequency shift can be related to the particles velocity V and to unit vectors R and E
representing the observation direction (from particle to receiver) and the incident light direction
(from laser source to particle). λ0 is the laser wavelength.
This Doppler shift generally ranges from a few ten to a few hundred MHz, which is very small
compared to the frequency of light (≈6 1014 Hz). In most practical visualization cases, the
-1-

13th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 26-29 June, 2006

magnitude of ∆f expressed in MHz is roughly the same as the velocity expressed in m/s. (For
instance, the frequency shift generated by a 100 m/s component perpendicular to the measurement
plane, observed at an angle α of 30° is close to 100 MHz (Fig. 5).)
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Fig. 1 Principle of DGV, based on the Doppler Effect
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A couple of emission/reception directions gives the projection of V on ( R - E ). For 3D flows, at
least three observation directions are necessary, or three successive and coplanar light sheets
visualized by a single receiver. The light source is a continuous Argon laser (514nm) enabling mean
flow measurements.

2. The iodine cell and DEFI device
The technique has emerged as a field measurement's one in the early 90's, after the patent of
Northrop (Komine 1990) introducing a frequency to intensity converter in the device, therefore
enabling bidimensional measurement with CCD cameras. Since this significant advance, the
method has become potentially attractive, comparable to PIV at least with regard to the scope of
applications. The DGV community generally uses an iodine cell to carry out this function. Iodine
has many absorption lines in the visible spectrum; provided the laser source can be tuned on one of
these lines, frequency variations become "visible" as light intensity changes through the cell. Iodine
cells, manufactured by BIPM1, are widely used in stabilized laser systems. In this application, the
function is different: the cell is placed in the optical path of a camera to make frequency shifts
appear as intensity changes. The cell is a quartz made cylinder, which can be starved (vaporlimited) or not. In the latter case, iodine crystals remain trapped in the tip: the transmission curve
slope and minimum value can thus be driven by controlling the temperature of this "cold finger" (at
a lower value than the cell body), which generates more or less vapor in the cell. A steeper slope
gives a higher accuracy on the frequency shift measurement and will be preferred when the velocity
range to investigate is small, whereas a gentle one can be used to increase the available velocity
range. On the other hand, the advantage of a starved cell lies in the fact that the temperature
dependence is low, which makes operating conditions easier.
1

BIPM: Bureau International des Poids et Mesures [www.bipm.fr ]
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The rising edge of the absorption line we used with one of our cells for Tfinger=52°C and Tbody=60°C
is presented in Fig. 2. The blue curve is the intensity ratio normalized by its highest value (obtained
on the right plateau in this case) versus Doppler shift (expressed with an arbitrary origin). The
purple dotted one is the derivative (times 1000) of this τ(f) function. The measurable frequency
range is limited on one hand by the decrease in sensitivity at the two extremities, and on the other
hand, by the fact that too low intensities cannot be accurately measured. It can be estimated at 500
MHz, corresponding to intensity ratios from 0.2 to 0.9. The available velocity range can be deduced
from this value, once the geometrical configuration is known, as will be developed in 4.1.
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Fig. 2 Rising edge of iodine cell transmission curve for Tfinger=52°C and Tbody=60°C
(left: derivative and useful range, right: DEFI reference sources)

Specific processing steps on the images thus give a normalized intensity ratio, which must be
converted into a frequency shift to deduce velocity. The ratio to frequency relationship must be
known with the greatest accuracy.
A real-time calibration device called DEFI, as Dispositif d'Etalonnage Fréquence Intensité, has
been designed and patented at ONERA. The principle relies on the observation of known-frequency
light sources, which can be visualized during the course of experiments, in between each image
acquisition. The whole DEFI process is presented in Fig. 3. 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. A grating enables
to get three of each order to be dispatched to different receiving optics.
The value of F is equal to 80 MHz, so that five calibration points cover a 320 MHz range to
describe at best the transmission profile of the iodine cell (Fig. 2 right). Each order is injected into a
polarization-preserving single-mode fiber whose cleaved end-face rises to the surface of a small
plate, in an intermediate image plane of the camera system. A rotating mirror operated from the
computer enables to alternately show the image of this plate or the image of the flow field (Fig. 4).
The DEFI device is actually used in two ways. 1) In a preliminary calibration step, the transmission
curve is determined by a laser frequency scan through the line range which gives a great number of
∆τ(∆f) samples. A polynomial fit and an integration procedure are then applied to these
measurements to get the τ(f) relationship presented above (Fig. 2).
2) During the course of experiments, the five reference ratios are fitted at best on this curve to
obtain the highest accuracy on τ(f0).
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Fig. 3 Photograph and sketch of the DEFI device

3. Receiving optics
The optical arrangement presented in Fig. 4 is quite classical for DGV, except for the DEFI
elements previously described. A pair of cooled, 12 bit cameras is used to visualize the scene with a
1376 x 1024 spatial resolution. The so-called "signal image" is obtained by viewing through the
iodine cell, whereas the reference one is the raw image of the field. These two images need to be
optically superposed, as perfectly as possible, because Mie scattering is strongly dependent on
viewing angle (Fig. 7). The residual misalignment is compensated by software during the
calibration steps. At a given laser frequency f0, the pixel-wise ratio of signal to reference images is a
transmission ratio map through the cell. The normalized intensity ratio map is calculated by
dividing this latter map by a "flatfield" map, preliminary obtained at a plateau frequency ff (Fig. 6)
where velocity variations no longer result in intensity changes.
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Fig. 4 Photograph of the receiving optics
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4. Sensitivity, measurement range, scattering efficiency and accuracy
To illustrate more easily, let us assume the laser sheet is contained in the YZ plane. As regards the
velocity component perpendicular to the measurement plane (VX), the maximum Doppler shift is
achieved at a visualization angle of 90°. The in-plane components can be visualized in backward
scattering (α>90°) to increase the generated Doppler shifts. If V=VY=-100 m/s (the negative sign is
chosen to produce positive Doppler shifts but does not change the reasoning), the Doppler shift is
also close to 200 MHz at an angle of 90°, and can be doubled in full backward scattering (Fig. 5).
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Fig. 5 Evolution of Doppler shifts versus visualization angle for perpendicular (VX) and in-plane (VY) velocity
components

r
r
The sensitivity of a geometrical configuration (i.e. a light sheet E and a receiving optics R ) to a
given velocity component can be defined as the coefficient of this component in the Doppler
equation.
∆f =

RX − EX

λ0

VX +

RY − E Y

λ0

VY +

RZ − EZ

λ0

V Z = s X V X + sY VY + s Z V Z

( 2)

r
These coefficients slightly differ from one point to the other in the field of view. The maps of R
r
and E vectors are respectively obtained by the observation of a calibration grid and a striped light
sheet. These procedures are described for instance in Mignosi et al 2005.
A high sensitivity is sought after as it reduces the error on the corresponding velocity component
but several limitations arise …

4.1

Measurement range

A first compromise must be found: a high sensitivity generates large Doppler shifts, which may
extend beyond the available 500 MHz range. For instance, the tip vortex described in 5.2 generates
a 260 MHz frequency shift variation (Table 2). Even though the free stream Mach number is low
(0.2), this configuration yet requires a preliminary estimation of the Doppler shifts and a careful
adjustment of the laser frequency (by 140MHz step).
DGV is generally known as a technique enabling high velocity measurement, whose accuracy is
independent of the velocity level. This statement must be moderated: high speed flows can be
measured provided the Doppler shift range is limited, either by the velocity range itself or by the
configuration sensitivity (with a loss of accuracy in this case).
The former situation can be illustrated by the test case developed in Barricau et al 2002, Willert et
al 2005. A 2D airfoil placed in a transonic wind tunnel generated a shock on its upper surface: the
Mach number ranges from 1.3 upstream the shock (≈380 m/s) to 0.83 (≈280 m/s) downstream. The
frequency shift ranges from 740 to 540 MHz, with a 90° observation. This 200 MHz extent is
compatible with the measurement range but the frequency shift levels are higher than 500 MHz.
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One way to solve the problem consists in tuning the laser on the falling edge of the iodine
transmission curve so that the measurement range is shifted on the rising edge as shown on Fig. 6.
If the mean frequency shift (roughly 600 MHz in this case) is too low to go beyond the curve
trough, an acousto-optic shifter can be added to generate a ∆f0 preliminary shift of the laser
frequency.
Higher velocities can be measured without this shifter: for instance, an oblique shock at Mach 3 on
a 12° wedge yields a Doppler range from 1000 to 1200 MHz, easily measured by setting f0 at the
bottom of the falling edge.
If the velocity range increases, independently of the mean velocity level, the way to keep within the
500 MHz Doppler shift measurement range is to lessen sensitivity. An alternative is to make the
transmission slope vary, by changing the cold finger temperature or adding other gases such as
nitrogen in the cell. All these adaptations to increase the measurement range will correlatively
degrade accuracy.
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Fig. 6 The laser frequency f0 is set on the transmission curve falling edge for high speed measurement.
An additional frequency shift (∆f0) may be necessary to go beyond the curve trough

4.2

Scattering efficiency

The presence of adequate seeding in the flow is essential to perform DGV measurement. The
particles should follow the flow, as only their velocity is accessible. They should be generated
uniformly and in sufficient quantity, without polluting the facilities. In the experiment presented in
5.1, a Laskin Nozzle was used to generate micronic olive oil droplets. This dimension being close to
the light wavelength, the scattering process follows the Mie theory. Fig. 7 shows the evolution of
scattered intensity versus viewing angle for a particles diameter histogram centered on 1 µm, with a
normal dispersion of 5%. The refractive index of the sphere medium (oil) is 1.46. The amplitude in
forward scattering is much higher than that obtained in backscatter: for instance, 18 times higher at
20° than at 130°.
This behavior must be taken into account before designing the geometrical configuration. Backward
scattering observations are interesting because they lead to high sensitivities, as previously
demonstrated. Nevertheless, they are difficult to handle, especially in a large facility, because they
require a higher seeding density and/or longer integration times. Increasing the seeding density is
not always feasible, and is not the panacea anyhow because it aggravates multiple scattering and
residue deposit. A long exposure (up to ten or twenty seconds) is possible –in so far as the flow
remains stable meanwhile- with these cooled cameras, as the black level is low and independent of
the integration time.
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Fig. 7 Scattered intensity versus viewing angle: polar plot in logarithmic scale

The most critical problem posed by this configuration is that it generally yields a kind of
"translucent" image of the measurement plane. For the backward scattering configuration in Fig. 7,
the intensity at 150° is ten times lower than the one reflected on the opposite wall of the facility,
coming from forward scattering at 30°. In this case, the scene background, behind the measurement
plane, remains visible and adds to the intensity of interest, imaging the particles velocity. The idea
is to remove this spurious information by subtracting a background image, but the difficulty is to
get this image. An original solution has recently been suggested in Stockhausen et al 2006, using a
striped light sheet. However, this phenomenon must be minimized by painting the scene
background dull black, or better sticking black material (felt) on it whenever possible, which may
appear constraining but proves essential.
4.3

Accuracy

A 3-equation system has to be solved to get the three velocity components maps: (∆f ) = (( S ))(V ) .
The main error sources on the Doppler shifts are mainly due to instabilities on the laser frequency,
r
and to background (or any spurious) illumination. The (( S )) matrix, defined by the trihedron of ( R r
E ) vectors is generally measured with great accuracy. (Nevertheless, vibrations or deformations of
the optics supports during the experiments may induce errors on these vectors.)
The condition number of the sensitivity matrix (( S )) enables to assess the accuracy of the solution. It
is defined as: χ = S . S −1 ( χ ≥ 1) . Measurement errors on the Doppler shifts (3) or on the S matrix

coefficients (4) will be all the less sensitive on velocity as χ is close to 1 as recalled below:

δV
V

≤χ

δ∆f
∆f

(3)

δV
δS
≤χ
V + δV
S

(4)

Numerical values related to the wind tunnel experiments are given in 5.
Obviously, the choice of directions for light emission and reception has a direct and non negligible
impact on the final measurement accuracy. In practical cases, the available optical accesses govern
this choice, which is often far from the optimized solution. A specific software has been developed
to quantify the awaited error on each velocity component, evaluate the Doppler shifts amplitude and
scattering efficiency, from an interactive sketch of the geometrical configuration.
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5. Some examples of wind tunnel experiments
5.1

Subsonic wind tunnel: wake of an aircraft in landing configuration

Experimental conditions:
The experimental setup in the ONERA F1 wind tunnel is shown in Fig. 8. The complete half-wake
of a transport aircraft model has been investigated in a landing configuration (Mach=0.2, α=6.8°) at
0.5 span behind the wing tip. This DGV implementation makes use of two laser sheets and two
receiving optics. They are oriented so as to visualize a 600x400 mm² measurement area without
masks from the model itself or the sting.
Olive oil droplets are generated by a Laskin Nozzle to seed the whole flow. Because of the huge
volume of the circuit (13000m3), the generator has to be started some time before the beginning of
the test in order to create a thick cloud in the wind tunnel section, which will then be set in motion
and homogenized during the experiment. The laser source is placed on a specific platform, outside
the wind tunnel, and the beam is directed towards the measurement area by means of a set of
mirrors. An optical device including a half-wave plate and a polarizing beamsplitter cube enables to
generate the two successive laser sheets.

3.5m

RO2
O

Y

LS1

Wind
X

LS2

4.5m

RO1

Fig. 8 Photograph of the wind tunnel with the two laser sheets – Top view sketch with receiving optics

The two receiving optics (RO) viewing the two laser sheets (LS) give four Doppler shift
measurements. The related sensitivities Si, scattering angles α and estimated errors are summarized
in Table 1.
LS
RO
1
1
2
1
1
2
2
2
S matrix χ
Error on V(m/s)

SX
1.5
1.5
-1.4
-1.4

SY
-3.2
-0.9
-0.6
1.5
2.5
0.85 0.65

SZ
-1
-2.4
0
-1.5

α
127°
100°
47°
80°

0.58 per MHz uncertainty

Table 1: Characteristics of DGV configuration in F1
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Velocity maps and 5-hole probe comparison
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Fig. 9 Doppler shift map for LS1 RO2 showing the vortex structures in the half wake (left)
DGV map and 5-hole probe and comparison on the aileron counter rotating vortices (right)

The comparison to 5-hole probe survey is satisfactory, with a 2m/s agreement in most areas of the
field of view. However, the discrepancies are more important on the wing tip vortex for instance,
where spatial gradients are very high, up to 8m/s per pixel. The potential of the method to give realtime velocity maps enables to carry on angle of attack and Mach number variations, thus
demonstrating the interest for on-line adjustment of aerodynamic settings.
The main difficulties in this experiment were due to:
• Global seeding of the huge volume of the aerodynamic circuit (13000 m3)
• Light delivery by means of mirrors on a long distance between laser source and
measurement plane is affected by vibrations on mirrors and pollution of laser beam by
residual seeding.
• Use of two receiving optics: matching of views is made from the calibration grid (wind off)
and structural deformations (wind on) induce slight displacement of cameras.
These issues were analyzed and improved operating conditions were implemented in the next case.

5.2

Tip vortex in the wake of a wing model

The ONERA F2 wind tunnel is a research subsonic facility (H=1.8m x L=1.4m). The tip vortex
developing in the wake of a symmetrical wing model fixed on the floor was investigated. A joint
DLR/ONERA DGV implementation was undertaken in the framework of EWA (European Wind
tunnel Association) (Lempereur et al 2006, Willert et al 2006). The ONERA DGV configuration is
based on the observation of three successive and coplanar light sheets by a single receiving optics
as represented in Fig. 10. Light sheets 1 and 3 are visualized in forward scattering at an angle of
60°, and light sheet 2 in backward scattering at 120°. The measurement area is 200x120mm². LDV
measurements were available for the initial experimental conditions: measurement plane in the
wake at X=450mm from the trailing edge, model angle of attack=8.5°. The comparisons presented
in Fig. 11 and Fig. 12 show an excellent agreement between both techniques. This LDV survey
lasted two hours with a 5x5 mm grid sampling. The DGV spatial resolution (0.3mm/pixel) enables a
finer description of gradients, for instance in the vortex core, which is "missed" by LDV. The 3C
DGV map is obtained within one minute, corresponding to the generation of the three laser sheets,
image acquisition and full processing. The advantage of field measurements is obvious with respect
to the saving of time and the induced potential to analyze the influence of aerodynamic parameters.
Therefore, different stations in the wake were investigated (X=250, 350, 450 mm) as well as angle
of attack variations from 0 to 8.5°. The evolution of the axial component profiles through the vortex
is plotted in Fig. 13. The lack of velocity in the vortex core at a low angle of attack is then replaced
by a local peak, which progressively emerges from the mean velocity.
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Fig. 10 Photograph and sketch of DGV implementation in F2
SY

SZ

α

∆fX (MHz) ∆fY (MHz) ∆fZ (MHz) δ(∆f)field(MHz)

LS

RO

SX

1

1

-1.6 -0.2 -1.4 60°

-109

±8

±42

84

2

1

-1.6 -3.3

130°

-109

±130

0

260

3

1

-1.6 -0.2 1.4

60°

-109

±8

±42

84

S matrix χ

0

1.85

calculated with 2-norm

Velocity(m/s)

68 ±40 ±30

Error(m/s)

0.6

0.6

0.7 per MHz uncertainty

Table 2 Characteristics of the DGV configuration in F2
DGV

DGV / LDV comparison
Axial component - Horizontal profile
85
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Fig. 11 VX axial component maps and profiles - DGV LDV comparison
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DGV / LDV comparison
Vertical in-plane component - Horizontal profile
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Fig. 12 VX map and in-plane velocity vectors (left) – VZ Vertical in-plane component profile (right)

The conditioning χ of the sensitivity matrix (4.3) equals 1.8 with the norm based on the ratio of the
largest to the smallest singular value. (This norm is chosen to enable the comparison with the first
test case, where the system is over-determined.) The estimated errors on velocity are close to 0.6
m/s per MHz uncertainty. If light sheet n°2 had been generated from the opposite direction, and
thus observed in forward scattering, the condition number would have been equal to 6.5, and the
error on VY would have reached 3.6m/s per MHz!
The image quality and the confirmed accuracy on velocity maps are due to optimized operating
conditions (adequate seeding, non-limiting optical accesses, use of a single receiving optics) and
result from a fine characterization of the key-components (iodine cell calibration, camera response
r
r
linearization, determination of R and E maps throughout the field of view).

Aaaaaaaaaaaaaa
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Axial v elocity through the vortex versus angle of attack
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Fig. 13 Evolution of velocity maps (left) and axial component U through the vortex with increasing angles of attack
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5.3

Summary of wind tunnel configurations and conclusions

Wind
Flow Meas.
LS
Area mm²
Tunnel
T2
2D
45x65
1
F1
3D
600x400 2

RO V0
m/s
2
280
2
68

V amplitude Laser light Seeding
Error m/s
delivery
m/s
per MHz
100
Direct
Global
<2
Mirrors
Global
0.8
±15 axial
(olive
oil)
±40 in plane
Fibers
F2
3D
200x120 3
1
68
Local → 0.6
±15 axial
Global
±40 in plane
These experiments enable to deduce some optimized conditions to perform accurate DGV
measurements in large wind tunnels. The laser light delivery should preferably be made through
fibers. They are more convenient and don't generate more transmission loss than a free beam in a
seeded environment. The number of receiving optics should be reduced to one whenever possible,
because vibrations or structural deformations during the course of experiments induce a
misalignment of views, which is difficult to correct and may generate large errors in gradient areas.
In this case, three light sheets are necessary. However, this implementation is not always possible
because of laser light impinging on the model. The use of fiber bundles to collect the images is
convenient but the image resolution and quality are poor. Backward scattering configurations
should be limited and, in any case, black felt must be stuck on the background on the scene to avoid
reflections of forward scattered light on the wind tunnel walls.
The DGV technique is thus getting more and more mature for wind tunnel applications, where it has
proved to be efficient and accurate. Seeding, light sheets generation, calibration procedures and
choice of emission/reception directions are now well mastered. The greatest care must be brought to
the suppression of stray lights, which generally requires specific treatments of the facility walls. But
the main improvement to make the technique really convenient should concentrate on the laser
source: a compact one which could be easily handled and accurately stabilized would be of great
help. To conclude, the inevitable comparison between DGV and PIV must be mentioned. PIV has
obviously reached a much higher level of maturity: DGV is still a laboratory tool. However, two
major advantages of DGV must be underlined: 1) it provides a high spatial resolution, as a velocity
vector can be measured at each image pixel, which enables to thoroughly investigate high-gradient
areas even in a large field of view. 2) 3C mean velocity maps are available in real time after each
acquisition sequence which opens the way for on-line diagnosis of aerodynamic settings during the
course of experiments.
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