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Shadow, Schlieren and Color

Interferometry

his article describes the three main methods for visualization of a gas in motion

based on local refractive index variations: shadowgraph, schlieren and interferome-
tric techniques. These non-invasive methods have been used by Onera for visualizing
and measuring the gas density fields of two-dimensional and axisymmetric flows,
varied examples of which are presented here. The originality of this paper lies, on the
one hand, in recent developments in polychromatic holographic interferometry using
transmission and reflection panchromatic plates and, on the other hand, the results
obtained in digital color holographic interferometry. Although the CCD resolution and
size are not as good as that of holographic plates, digital three-wavelength holographic
interferometry appears, for the near future, to be the best candidate to characterize

future complex flows.

Introduction

Fine characterization of complex flows has become an recognized,
specific approach since the 1950’s. The need to develop measure-
ment tools adapted to the study of aerodynamic flows was already
a major concern at the time and, for this reason, specific shadow,
schlieren and interferometric optical benches were built in various
Onera wind tunnels. Among the optical methods used in fluid me-
chanics, those based on variations of the refractive index of media
have the advantage of being non-invasive, as only luminous pheno-
mena occur. Some of these processes, such as shadow or schlie-
ren techniques, provide information that is most often qualitative,
while others, such as interferometry, give access to a property of
the fluid, the gas density, if the flow is two-dimensional or axisym-
metric.

Shadow technique

Changes in the refractive index of a gas can be made sensitive by
using the deviation produced by the light rays through this gas [1].
It is assumed that the refractive index » is independent of z, the z
axis being perpendicular to the flow axis. The gas thickness e, the
refractive index » and the optical thickness E are functions of x
and y. The Malus theorem determines that the deviations &, or 6,
produced by the gas are respectively equal to SE / ox or OE / Sy.
Light deviations are caused by variations in the refractive index which
are directly related to variations in gas density. The visualization
methods based on this principle are shadow or schlieren techniques:
they are called «methods of deviation.»
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In the shadow technique, the test section is crossed mostly by a beam
of parallel light. It uses a small source located at the focal length of a
converging lens or a spherical concave mirror. After crossing the test
section, the beam illuminates a screen placed beyond the test section
at a distance 5. A beam undergoing a deviation & will be visualized
on the screen at a nearby point where it would be visualized without
flow. This deviation depends on the gradient of the gas density. For a
uniform gas density gradient, this shift is constant and the screen is
evenly lit. However, if the gas density gradient is variable, displace-
ments vary from one point to another and light and dark areas can be
observed on the screen. The contrast on the screen is measured by
the relative variation of the illumination | and we have:
2

a_ & (1)
I dx*

The shadow technique indicates the second derivative of the optical
thickness of the test section, and thus the gas density if the thickness
e is constant. The visualization of shock waves gives particularly
good results, because the second derivative of the density changes
sign. The situation is illustrated in Figure 1 where one can see the
flow around a circular cylinder at Mach 0.75 [2] and the phenomenon
of the incoming blast wave of a small rifle [3]. In the first case, high
speed visualizations synchronized with unsteady pressure measure-
ments show a strong coupling between the flow over the cylinder and
the vortex street formed in the near wake. In the second case, the
effects produced by the firing of guns are visualized by high-speed
shadow technique and a certain number of parameters have been
identified to establish the rules of similarity for this phenomenon.
Here, the exposure time of each frame is 300 nanoseconds.
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Figure 1 - Visualizations recorded with high-speed shadow technique

Video - http://aerospacelab.onera.org

http://aerospacelab.onera.fr/al1/Shadow-Schlieren-and-Color-Interferometry

Schlieren technique

The schlieren method devised by Foucault and developed by Topler
involves intercepting, with a knife, some of the light rays which are
deflected in the test section [4]. In practice, a condenser forms from a
source S an image S’ which is cut with a knife. A lens located between
the screen and S’ gives an image of the test section. A part of the light
rays passing through S at one point in the test section is intercepted by
the knife while the other part A converges on the screen (see Box 1).
If the brightness of the source is constant, the irradiance 7 is propor-
tional to the beam of light that is stopped by the knife. When the rays
are not deflected, section A does not change regardless of the point of
the screen. The illumination is uniform and 7 proportional to S’ which
emerges from the knife. When the optical thickness of the test section
varies, section A varies as a result of deviations of the light beams.
The variation dl depends on &_, because the illumination 7 is propor-
tional to part A. If b is the distance from the knife to the section and
h the height of section A in the absence of variation, it is shown that:

Box 1 - Schlieren technique

Test
Section

Condenser

Methods of light deviation
Optical thickness
Gladstone-Dale relation
Shadow technique : dI /I //to dn®/dx* or dn®/dy’
Schlieren technique: dI /1 //t0 dn/dx or dn/dy

: 0,=dE/dx or 0, =dE/dy
P E=(m-1e

J 0O u R N A L
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di_di_b, bdE

I A h' hdx

(2)

We see that the schlieren method shows the first derivative of the gas
density if the flow is two-dimensional and if the test section walls are
parallel. Two examples are given in Figure 2. First, a comparison of
the shadow and schlieren techniques shows the flow instabilities on
the upper side of an airfoil at Mach 0.76 (8° attack angle). Schlieren
pictures reveal fine structures, especially downstream from the shock
wave and in the separated flow. The schlieren technique can be also
applied in a water tunnel. The picture in Figure 2 shows the wake flow
around a circular cylinder in a hydrodynamic tunnel. Natural tempera-
ture gradients existing in the water are sufficient to induce variations
in the refractive index exhibited by the wake flow downstream from
the cylinder and it is possible to increase the schlieren observations
by thermally marking large-scale structures [5].

Screen

Lens

SectionAetA + dA

e: test section width
D (n=-D/(p/p) =K K =296.10° (air) and p, : standard gas density
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Shadow technique

Schlieren technique

Water tunnel

Figure 2 - Schlieren technique applied to aerodynamic and hydrodynamic flow.

Background Oriented Schlieren technique :
a simple quantitative schlieren method

The Background Oriented Schlieren (BOS) technique [6] is one of the
most recent schlieren techniques. This method likewise takes advan-
tage of a very simple phenomenon: the mirage effect. The basic prin-
ciple of the BOS thus consists of imaging a structured scene, prefe-
rably a dot-pattern, observed through the flow of interest. The
refractive index variations in the flow make the images of the dotted
points move. The displacement d of each individual image corres-
ponds to a light deflection angle & in two spatial directions (Figure 3).
The deflection angle is given by:

go_dxp 3)
D

where p is the physical dimension of a pixel in the dot-pattern back-
ground and D the distance between the background pattern and the
intersection point between the undisturbed and disturbed light rays.
This technique is thus sensitive to the density gradient vector field. In
contrast to the classical schlieren methods, digital image processing
replaces the optical processing to compare the schlieren distorted
and undistorted image of the pattern background. The image cor-
relation PIV technique is used to derive the projected mass density
gradients in the observing direction.

The main value of the technique is that it can be applied to visualize
large fields of interest in wind tunnels but also in outdoor experiments
with simplified experimental equipment, eliminating the need for high-
quality optics and windows, knife-edges, and laser sources. In its
simplest form, this low-cost method requires a structured, randomly-
generated background pattern, a high-speed camera and a high-in-
tensity light source to illuminate the scene (Figure 4).

Aerospacelab

FLOW

Disturbed ray

Background

Undisturbed ray

Figure 4 - BOS set-up with camera and dot-pattern background for studying
supersonic jets.
1: Camera sensor, 2: Supersonic jet nozzle, 3: Duct , 4: Dot-pattern scene

Further quantitative density measurements can be obtained in the
same manner by using another schlieren technique. The BOS tech-
nique was implemented at Onera to study the aerothermal effects of
hot supersonic jets [7]. Quantification of the jet turbulence was de-
rived from BOS measurements using the Abel transform under the
assumption of an axisymmetric jet (Figure 5).
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Figure 5 - Mass-density fields of the mixing zone in a hot supersonic jet at T=50°C and at T= 200°C

The size of the turbulent mixing zone dramatically increases
downstream at high temperature. The application of the BOS tech-
nique was also successfully demonstrated by the DLR through in-
vestigations on compressible vortex formations from the blade tips of
two different helicopters in flight [8].

Differential interferometry or color schlieren technique

In the observation and analysis of high-speed flows, monochromatic
interferometry has been developed to obtain quantitative information
about gas density in large fields [9]. When density gradients are rela-
tively weak, differential interferometry in polarized white light is very
well suited [10], [11]. Briefly, a Wollaston prism decomposes a light
wave polarized in a given direction into two orthogonal vibrations of
approximately equal amplitudes separated by a small birefringence
angle ¢ . The prism is placed at the center of curvature of a spherical
mirror placed behind the test section. After crossing it, the beam is
focused back towards the source, thus crossing it a second time,
so that the sensitivity is increased. This is a compensating device,
as the initial path difference between the two rays can have an arbi-
trary value, thus yielding a uniform color on the screen, simply by
translation of the prism. It is also self-compensating because, the
prism being fixed, any deviation of the light rays produces optical
path lengths in the air and prism which compensate for each other.
In white light, a colored fringe pattern can be observed in a sequence
approximately matching Newton’s color scale. The prism used is of

Box 2 - Large-field Wollaston prism

n, : extraordinary refractive index
n, : ordinary refractive index

«  pasted prism angle

¢ : birefringence angle

e=2(n,—ny).tancx
Measurement sensitivity depends
on the birefringence angle
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the wide-field type (see Box 2), which yields a uniform background
tint in a convergent light beam. The apparatus is easy to set up and it
has a high sensitivity and is much smaller and less subject to vibra-
tions than the conventional separated-beam interferometers such as
the Mach-Zehnder interferometer.

Application to 2D-unsteady wake flows

In this example, the unsteady wake flow is analyzed behind schematic
turbine blades at Mach 0.4 [12]. The unsteady pressure signals are
simultaneously recorded around the trailing edge in order to be able to
synchronize pictures and pressure variations. Two successive interfe-
rograms and the gas density field are given in Figure 6. The gas density
p is referenced to the upstream gas density p, . With this model, the
trailing edge is circular and 15 mm in diameter and the boundary layer
state is quasi-laminar. In fact, because of the shifting of the two inter-
fering rays, the interferograms cannot be analyzed down to the model
wall. For example, an analysis conducted following a vertical line is
only possible until one of two interfering rays is blocked by the model.
In the conditions of the optical setup, the analysis is made down to
1.57 mm from the model wall and the gas density at the wall is obtai-
ned through extrapolation of the data. The density fields of Figure 6
show the vortices as concentric rings, with density decreasing toward
the center. These vortices pass through a formation phase where the
density decreases in the vortex center and a dissipation phase where
the density and the size of the vortex increase.
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Figure 6 - High speed interferograms and gas density field reconstruction
At=50pus,M=04

Application to axisymmetric wake flows

Differential interferometry is a non-intrusive technique that is particu-
larly well-suited to investigation of phenomena related to compressi-
bility and high temperatures. In the case of axisymmetric wake flows,
it has been used to analyze the structure of a hot supersonic jet at
Mach 1.8 injected into a coaxial supersonic flow at Mach 1.5. The
method is sufficiently sensitive for a quantitative analysis to recons-
truct the local density field. This operation is possible from a single
interferogram provided the flow is two-dimensional or axisymmetric.
The flow structure was assumed axisymmetric [13] and the interfero-
grams were recorded with horizontal fringes, so that vertical gradients
of the refractive index are detected. The radial density distribution
was determined by spectrum analysis of the colors in the upper half-
plane. Wherever possible, a similar analysis was made for the lower
half-plane to see whether the flow was effectively axisymmetric. The
axisymmetric flow was reconstructed from the undisturbed flow star-
ting as close as possible to the axis of revolution.
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Figure 7 - Interferograms of the jet and radial distribution of the gas density.
Figure 7 shows two interferograms recorded for two different
pressure ratios of 2.74 and 3.38 at the same temperature ratio of

1.67. In the analysis of the interferograms, the density distribu-
tions were computed along vertical lines. Whenever the vertical
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line, where the analysis is performed, completely crosses the jet,
a density profile can be determined by integration in the upper
half-plane and in the lower-plane. If the flow is strictly axisym-
metric, the two profiles should be identical. In Figure 7 and for
the axisymmetric case, the profiles of the optical thickness (blue
line) and the gas density (red line) obtained near the nozzle exit
section are relatively symmetric around the flow axis. In the non-
axisymmetric case, the analysis made far downstream provides
relatively contrasted density profiles which reflect the presence of
local turbulences in the flow.

Application to hypersonic wake flows

In a hypersonic wind tunnel, the difficulty in measuring gas density
is due to the fact that the index variations to be measured in the test
section are very small. There are two reasons for this. Firstly, the light
deviations are produced by beams that are passing through a pheno-
menon that is axisymmetric, and not two-dimensional. The integration
paths traveled by the beams are therefore shorter, especially in the
close vicinity of the shock. Secondly, since the free stream mass den-
sity is low (on the order of 2.10-2 kg/m?), the index variations caused
by the mass density gradients in the passage through the shock
waves will induce index variations that remain very small (Box 3). The
example presented consists of analyzing hypersonic flows around
slender axisymmetrical bodies in order to compare the gas density
distributions obtained in the shock layers with the analytical solutions
[14]. Here, the Wollaston prism used separates the partial beams
very widely. The prism angle itself is about 18° so that the distance
between the two partial beams is 14.60 mm at the level of the spheri-
cal mirror, and it is therefore greater than the domain to be measured.
This is equivalent to an ordinary interferometry arrangement with a
separate reference, because the interferogram is directly interpretable
in a two-dimensional flow but the setup is still differential because one
of the beams, used as a reference, is placed in the undisturbed flow,
either upstream from the model or, as in the present case, on the side
of the model, outside of the shock layers. The interference fringes are
placed horizontally so that the separation between the two beams will
be vertical. The radial distribution of the mass density shown in Figure
8 has been obtained in the shock layer that develops around a cone
of length L = 300 mm and apex semi-angle ¢, = 11.5°. Results
show that they are in good agreement with the analytical solutions on
slender ogives following Merlen and Andriamanalina’s power law and
Jones’ tabulated data for an inviscid flow of ideal gas around a cone.

Box 3 - Optical limit of differential interferometry

Minimum phase difference 5 . detected : 30.10°m
(from Gontier [10])

Optical thickness difference
(double crossing of test section )

CAE=6,,/2

For e = 40 mm (width of the test section) : Ap,,, = 1.64.10° kg/m?

For e = 150 mm (width of the test section): Ap,;, = 4.4.10* kg/m?
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Figure 8 - Interferogram and radial gas density distribution.

Application to gaseous mixture

Differential interferometry has also been used to analyze the stability
of the interface separating two fluids of highly different densities when
it is impacted by an incoming shock wave [15]. The shock tube is
vertical in order to keep the interface stable before the arrival of the
shock wave. In this test, two diagnostic techniques are compared:
X-ray densitometry and differential interferometry. For the X-ray tech-
nique, the partial gas density profile of one of the two gases can be
obtained with careful calibration if the gas pair is air/xenon. In the case
of SF6/air, both gases are transparent to X-rays and radiography can-
not be used. Only differential interferometry can yield a measurement
of SF6 distribution in air. The optical setup requires two Wollaston
prisms (0.5° pasted angle) installed head to foot and two “Clairaut”
achromatic lenses, 800 mm in focal length and 120 mm in diameter.

In the case of two-gas mixtures, Merzkirch has shown that the Glad-
stone-Dale relation can be extended if the Gladstone-Dale constants
of each gas are known [11]. Then, the analysis of the interferogram
yields the partial density profile of one of the two gases across the
interface. Figure 9 shows three interferograms recorded at different
times. On the interferogram (a), the shock wave has already crossed
the interface, has been reflected from the tube end wall and is about
to again impact on the modified interface. Picture (b) was taken
shortly after this second impact and the wave is seen to have been
partly transmitted into SF6 and partly reflected into the air. On pic-
ture (c) the transmitted wave can be seen close to the bottom of the

1.2
14

08 |

06 |

Partial density of normalized SF6

15 x(mm)
a)t = 1080 us
¥ b)t=1340 ps

7 o)t =1698 us

Figure 9 - Gas density profiles of SF6 6 - Interface: SF6-Air, Ms = 1.45.
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picture while the reflected part has again been reflected from the end
wall and is about to impact on the interface.

The SF6 partial density profiles were obtained through the interface
by averaging a dozen interferograms. For the xenon/air gas pair, the
xenon partial density profiles were compared to those obtained by the
X-ray technique. The two techniques yield very similar results (Box 4).

Box 4 - Galdstone-Dale relation in gas mixture

If p, and p, are partial gas densities:
n—-1=Kp=Kp +K,p,

Interferogram analysis yields:

0,.dy

n(y)—n,=n(y)-1)—(n,-1)= 3
L : test section width
n, . refractive index of reference gas
n,(y) through the interface :

(n(») =1~ (n, - l)}
m(y)-l=1- (n, 1)

! (n=1,,. -, -1 | "
and then the partial gas density profile:
_(mM-1

()= K,

Real-time true-color holographic interferometry

The use of differential interferometry implies data integration to get the
full gas density and this integration results in a certain measurement
inaccuracy. To obtain absolute data, Onera developed real-time true co-
lor holographic interferometry using a three-color laser source [16]. As
shown in Figure10, the interference fringe patterns versus the optical path
difference are compared for three different sources. With a xenon light
source (a), the central white fringe visualizes the zero order deforma-
tion and small path differences are correctly measured but above several
micrometers, the tints are no longer distinguishable and large path dif-
ferences cannot be measured. With a monochromatic laser source (b),
the central white fringe (zero order) can never be identified and it is not
possible to follow the displacement of the fringes through a shock wave.
But, when it is possible to count the fringe number, large path differences
can be measured. With a three-laser source (c), the zero order is always
identifiable (white fringe) and the colors always remain identifiable for
small and large path differences.

[ | | | \ \ \ \
-1 0 1 2 3 4 5 6

d(pm)
Figure 10 - Color of interference fringes.
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Transmission hologram

The feasibility of this technique was confirmed with the Research Ins-
titute of Saint-Louis (ISL) and applied in several Onera wind tunnels.
Figure 11 shows the optical setup using single-layer panchromatic
holograms recorded by transmission. A reference hologram made
without flow records the interferences between the three reference
waves and the three measurement waves. It is then developed and
is replaced on the setup. If a change in optical path is created in the
test section, color variations representing the phenomenon will be
visualized in real time behind the hologram. The flow studied was
the unsteady flow downstream from a cylinder of 20 mm in diameter
placed crosswise in the test section at Mach 0.37. High speed inter-
ferograms were recorded with a rotating-drum camera at high frame
rate (30,000 f/s) and the exposure time of each interferogram was
750 nanoseconds. On the interferogram of Figure 11 we see that each
vortex is defined by concentric rings where each color visualizes an
isochore line. These colors were analyzed using proprietary software
[17] to find the vortex position and velocity and the evolution over
time of the gas density field.

Reflection hologram

To increase the diffraction efficiency of a hologram, which is about
a few percent in transmission, Onera created an optical bench that
uses reflection holograms. In transmission however, the interference
fringes are set down perpendicular to the plate and a small variation

in gelatin thickness caused by the chemical treatment of the hologram
does not modify the three interfringes. In reflection on the other hand,
the interference fringes are recorded parallel to the plate surface
and the interfringes are very sensitive to small variations of gelatin
thickness. Solutions were proposed to control the gelatin shrinkage.
Very good results were obtained with narrowed fringes and a uniform
background at Mach 0.45 around the same circular cylinder [18].
In the setup in Figure 12, the holographic plate is set in the front of
the test section and, at the first exposure without flow, it records the
interferences between the incoming rays and the rays reflected by the
flat mirror located just behind the test section. As the hologram si-
multaneously records the interferences of the three wavelengths, the
diffraction efficiency of the three gratings becomes close to 50%. This
value is very important because, at the second exposure, as the dif-
fraction efficiency is close to 50%, 50% of the light is reflected by the
hologram and constitutes the three reference waves. The other 50 %
crosses the test section twice and interferes in real-time with the
three reference waves. Interference fringes are not localized because
they can be observed from the holographic plate to the camera. If no
disturbances exist in the test section, a uniform background color is
obtained in the camera. If variation in the refractive index exists in the
test section, it will be seen on the screen. This original arrangement
constitutes the first real-time, three-color holographic interferometer
using reflection holograms and the holograms obtained exhibit well-
saturated and more contrasted colors than those obtained in previous
experiments performed with transmission holograms. That makes the
quasi-automatic analysis of interferograms easier.

Acousto Beamsplitter .
optical cube Spatial
cell filter
A = 647 an
z
Ay = 457 nml» 1
& Q §DT _______________ B | I
X, = 532 nm ) Object
: ﬁ Spatial - - . Camera
Mirror filter Holographic
i
\ Achromatic lens / plate
Figure 11 - Real-time three-wavelength transmission holographic interferometry
Video - http://aerospacelab.onera.org
Beamsplitter cube 1 Hologram
/4 wave plate —
%, = 647 nm L 1
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optical filter Flat
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Figure 12 - Real-time three-wavelength reflection holographic interferometry

Video - http://aerospacelab.onera.org
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Digital color holographic interferometry

One possibility for avoiding holographic plates and chemical pro-
cessing is related to digital three-color holographic interferometry.
Technological improvements in the field of matrix sensors offer new
possibilities for holography. Hologram recordings can be done using
CCD matrices with increased resolution and greater digital gain. For
this reason, the feasibility of the digital three-color holographic inter-
ferometer was designed to analyze the variations in refractive index
induced by a candle flame [19]. Color holograms are generated and
recorded with a three-layer photodiode stack sensor allowing for si-
multaneous recording with high spatial resolution. Phase maps are
calculated using a Fourier transform and spectral filtering are applied
to eliminate parasitic diffraction orders (see Box 5). From the phase
differences, it is possible to calculate the intensities of interferences

''''' Flat mirror
1 %
Acousto ) T _ §‘
Optical cell ~ Spatial | | !
filter L] @
7\41 = 647 +—=_ I . 11 1 H
= T TR &
i |
hg = 457 [ , Beamsplitter O O
nm Op Reference : _“_ cub% T
A\ = 53% : Achromatic lens Test
m : . section
\_ B Beamsplitter cube

Foveon sensor

induced by the flame in the RGB colors calculated. The optical bench
used and the results in the case of the candle flame are presented
in Figure 13. Zero order fringe (white fringe), meaning zero optical
path difference, can be easily extracted from the experimental data
by considering the wrapped phases along the three wavelengths.
The use of three colors is of great value if one looks at precisely the
background tint observed outside the flame. In normal experimental
conditions, the synthesized background color should be represented
in white (5= 0) if there has been no disturbance between the re-
ference and the probe recordings. In Figure 13, it can be seen that
the white fringe is shifted and located inside the flame (see zoom of
flame). This means that the background pattern has moved slightly
between the reference and probe recording. This feature was not ob-
served in experiments based on single wavelength interference and
shows the value of using color in digital holographic interferometry.

R

White fringe

Figure 13 - Digital three-color holographic interferometer and application to flame.

Box 5 - Off-axis hologram analysis by direct and inverse 2D FFT algorithms

- Image plane hologram can be expressed: H, (x.3) =0y (x,¥)+b, (x,y)exp[ig, (x,) |exp[ 2i (u,x +v,y)]
+b, (x,y)exp[—iqﬁl (x,y)]exp [—Ziﬁ(uﬂx A vly)]
where 27 (u,x+v,y) is the spatial carrier modulation along xy.

- Fourier transform gives: H, (u,v) = 4, (u,v)+C, (u—u,,v—v, )+ C; (u+u,,v+v,)

where C,(u,v) and 4,(u,v) are the Fourier transform of b, (x,y)exp[ig, (x,»)] and O,(x,»).

- Inverse Fourier transform gives: ¢, (x,y)= {bﬂ (x,y)exp [i@ (x,y)]exp[Ziﬂ(ulx + vly)]} *h(x,y)

where * means convolution and h(x,y) the impulse response.

- At any wavelength 2, the phase is given by: & (x,y)=¢,(x,y)+Ag, (x,y)+27u,x+27v,y

- The phase change between the two states of the object is simply obtained by computing

Ag, (x,y)=¢&; (x,y)- &7 (x,») and the optical path difference is given by: s — LA@
4z
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A comparison can be made between digital and image color holo-
graphic interferometry for the previously obtained results [18-19]. In
image color holographic interferometry, a panchromatic holographic
plate (7,000 to 10,000 I/mm in spatial resolution) must be illuminated
with a total energy of 600 pJ and the coherence length of the three
lasers must be more than 2 m. Each interferogram has to be digitized
and processed. Itis important to obtain a reference hologram of about
50% diffraction efficiency for the three lines and the implementation of
the optical setup is not very easy. In digital color holographic interfe-
rometry, an energy of 1ud is sufficient to illuminate the Foveon sensor
(200 I/mm in resolution). The laser length coherence can be reduced
to several centimeters and some problems can be encountered with
the RGB filters overlapping. The implementation is easy enough and
the phase difference is entirely estimated with a computer.

Conclusion

Computational fluid dynamics need to be validated by fine measu-
rements in a smaller space or shorter time, or both at once. That is
why Onera has devoted much time to developing optical methods
based on differential or color interferometry. For shadow and schlie-
ren measurements, these techniques are very easy to implement and
they will always yield qualitative data and help with the understanding
of unsteady and complex flows. But, if quantitative data are required,
color interferometry or color holographic interferometry will continue
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to be used due to the high resolution of holographic plates. In near
future, digital three-wavelength holographic interferometry seems the
best candidate to characterize the future complex flows. Although
CCD resolution and size are not as good as that of holographic plates,
the digital approach is more accessible and versatile since the time
for the hologram processing is greatly reduced and the processing is
purely numerical.

On the other hand, the value of using color has been demonstrated
as the zero order fringe can be easily determined and the variation
in the background color due to disturbances can be quantified. The
limitations of the method lie in the wide spectral sensitivity of the sen-
sor which produces light diffusion in each monochromatic hologram.
Work is currently in progress for removing the color diffusion using a
segmentation approach. Success in this strategy will allow for wide
spatial filtering, increasing the spatial resolution in the reconstructed
object.

Future work will focus on the extension of the proposed technique
for analyzing 3D unsteady wake flows. At present, a specific setup of
digital holographic interferometry has been defined in a single sight
direction, and the aim will be to reproduce the same optical setup
along several sight directions, each shifted by a given angle. It is
obvious that the optical setup can be reproduced no more than three
or four times. But the lake of sight directions should be compensated
by high tomographic interferogram resolution for the reconstruction
of the 3D gas density field [l
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