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ABSTRACT : The feasibility of digital holographic interferometry using a CW laser @ 532 nm
and a Photron APX camera is demonstrated in the F4-ONERA hypersonic wind tunnel. This
optical technigue is used to point out the possible combustion of a small hydrogen jet in the
shock layer developed on the model. The optical technique generates in the field under analysis,
interference micro-fringes which are used as carrier spatial frequency. The field of optical
thickness is obtained with a FFT2D post processing. Then, if the flow is assumed to be two-
dimensional, the map of the refractive index can be estimated. The adjustment of the optical
bench is easy to implement and the results obtained with this technique can be used for several
interesting comparisons: from the phase difference maps, the holographic images and schlieren
images in the x and y directions can be recalculated, which is not possible with a conventional
schlieren optical setup. In addition, if the characteristics of the ionized gas are well known, the
value of the gas density upstream and in the shock layer can be estimated.

1 Introduction

One of optical methods developed over several yaaBNERA for the gas density measurement is
based on holographic interferometry, using one oremwavelengths as luminous light source. Firstly
developed with panchromatic holographic plates usddansmission or reflection, the technique has
evolved to become a fully digital technology basedthe generation of spatial carrier frequencies
analyzed by 2D Fast Fourier Transform [1].

The first tests performed in an ONERA transonicdMiannel have resulted in analyzing the unsteady
flow downstream of a circular cylinder located hettest section for subsonic and transonic Mach
numbers. Convincing results can be found in DesskeRicart [2] and the implementation of digital
holographic interferometry has been considereceireial ONERA wind tunnels among which the F4
hypersonic Fauga-Mauzac facility. Here, the difitigdies in the fact that, as the gas density @& th
upstream flowpo is very low (close to Ihor 10° kg/nT), the refractive indexgrelated topg is also
very small, and thus, the differences in refracii@ex (n-n) are even smaller and more difficult to
measure.
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The optical technique used up to now in the F4 hsgrec wind tunnel is a schlieren technique using a
schlieren knife or a colored mask. The refractivéex gradients in the direction perpendicular ® th
knife edge can be visualized. Thus, if the knifgeeds located vertically in the focusing spot beam,
horizontal gradients in the refractive index wié highlighted. This technique shows its limits when
the refractive index gradients are very low. Irstbase, it is preferable to use optical method<hvhi
directly visualize the refractive index and not thefractive index gradient. Holography and
holographic interferometry are suitable to measheeabsolute value of the refractive index. Suajet
al. [3] and Surget and Dunet [4] exploited holodrapinterferometry in F4 hypersonic facility, in
which the crossing number of the test section wakiipfied by 2, 3 or 4, which increased in the same
ratio the measurement sensitivity. A comparisorwbeh the schlieren technique and transmission
holographic interferometry using a holographic @latas shown. The difficulty in transmission
holographic interferometry developed by Surget Wes the signal-to-noise ratio increased with the
crossing number, which makes the quantitative msiog of interferograms difficult. Otherwise, the
idea which consists in crossing the flow severaks to increase the measurement sensitivity idean |
that can be applied to digital holographic intesfaetry based on the principle described by Sunget a
Dunet.

This document describes therefore the feasibilitgigital monochromatic holographic interferometry
performed in F4 hypersonic wind tunnel on the flamound a wedge at Mach 10 and also the
improvement opportunities of the optical setup tres been implemented.

2 Theoretical background of digital holography

Hologram analysis performed by direct and invesse-dimensional FFT algorithms is very well
suited for the reconstruction of transparent phalgects. For any wavelength, the image plane
hologram recorded can be expressed as:

H, (% y)=0,(x y)+ Rix y)O'(x y)+ R (% y)O(x y) 1)

where Og(x,y) and R(x,y) are the zero order diffraction and the referen@enrespectively and
O = b, exp(ig,) is the object wave. For convenien&¥x,y)can be represented with unitary amplitude
and zero phase. In the case of in-line hologragbyputation by Fourier transform gives a broad
spectrum centered at the zero spatial frequencyn®&@ertinent information can be extracted from
such a spectrum. Consider now off-axis holographyhich a spatial carrier is introduced alongry

or along the two directions. In a general cas€y,x+v,y) is the spatial carrier modulation alorg

the hologram becomes:

H, (% y)=0y(x y)+ Ox y)exd2i{u, x+ v, y)]+ O" (x y)exd- 2i m{u,x+ v, )] (2)
By developing complex exponentials one obtains:

H, (% y)=04(x y)+b,(x y)exdig, (x y)lexd2i n(u,x + v,y)|+ b, (x y)exd-ig, (x y)lexd- 2in(u,x + v,y)]  (3)
Fourier transform of Eq. (3) gives:

H, (uv)= A (W) +C, (u-u, v-v,)+C; (u+u, v+v,) (4)

-
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whereC,(u,v) andA,(u,v) are respectively the Fourier transformbafx,y)exp[ig(x,y)] andOo(X,y). If

the spatial frequencias, andv, are well chosen, the three orders are well segduniat the Fourier
plane. Applying a binary mask around the frequehgy, +v,, respectively of widtldu andAv, allows

the extraction of the object optical phaggx,y). Inverse Fourier transform applied to the selected
region gives an estimation of the object compleylgode:

& (x y) £{b, (x y)exdig, (x y)lexd2in(u,x+ v,y C H(x. y) (5)

where * means convolution amgx,y)is the impulse response corresponding to theifiljeapplied in
the Fourier domain. It is such that

H(x, y) = Auavexd2i n(u, x + v, y)Jsind sAux)sind rivy) (6)
After the filtering process, a biased optical pheae be estimated from relation (5):

08X, y)]J (7)

(% y)=8,(x y)+ 2, x+ 27,y = arCta’E De[dx’ y)]

and the amplitude of the fundamental harmonic atetemgth/ by:

b,(xy)=O2[dx v}t D2[exy)] (8)

In equations (7,8)z,[.] and o [.] mean imaginary and real part of complex value.

Note that the suppression of the spatial carrien b& obtained by multiplying Eq. (5) by
expRiz(ux+v,y)]. When the test object is modified, for examplenesgting or with a flow circulation,
this induces a modification in the refractive inda®ong the probe beam and thus this modifies the
optical path and then the optical phase. At anyehlengthA, recording a new holograki,(x,y) leads

to the computation of phage(x y)=g¢,(x y)+ag,(x y)+2m,x+2m,y. The phase change between the two
states of the object is simply obtained by commuap, (x y). In a setup such that the measurement

beam crosses twice the tested region, the optathl difference due to the phenomena under intesest
given by:

- A (9)
° 4n A9,

3 Experimental setup

3.1 F4 wind tunn€

The ONERA F4 wind tunnel was commissioned during ¢burse of the ESA HERMES program in
the early 1990s, and has since been extensiveti/todest various reentry vehicles, for both terrals
and Martian atmosphere.
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The F4 wind tunnel is a hot shot type facility, miag that the operating conditions are obtained by
heating the test gas with an intense electricraecéhamber of 10 to 15 | volume initially preszad at
ambient temperature. This chamber is a cylindrieak whose lateral sides are the electrodes; the
electrode shape induces a rotation of the arc. &hiimnces the efficiency of the heating process and
reduces the erosion of the electrode head. Thé&rediecbodies are thermally and electrically insedat
from the chamber. Two exits connect the chambemdtwam to the nozzle and upstream to the quick
discharge exhaust tank.

The energy is delivered by an impulse generatog pobwer of up to 150 MW for several tens of
milliseconds. The settling-chamber pressure Pilmas high as 1 kbar, and the total enthalpy can be
as high as 18 MJ/kg for air. A run duration of opt00 ms can be achieved.

3.2 Model and optical setup

The aim of this test is to determine if the dighalographic interferometry can be used to visesdtlie
injection of a small jet of hydrogen at 32 bar oflad plate at a 20° incidence angle. If the jet is
correctly visualized with the optical techniqueioirmation on the combustion process of the hydrogen
jet in the shock layer can be obtained. In thig the plate is 260 mm wide and the injection ated

at 117 mm from the leading edge a shown in Fig. 1.

The optical setup shown in Fig. 2 looks like a Mildon interferometer where a reference wave can
interfere with an object wave into CCD or CMOS sen#\ DPSS laserAc532 nm) is used as the
luminous light source of the interferometer andearb splitter cube separates the incident beam into
the reference wave, which is returned by the comeawvror and the object which crosses twice the tes
section. A spatial filter (x60) equipped with a dinle of 25um is located at the focal length of the
large achromatic lens (FL 800 mm) so that thegestion may be illuminated with a parallel beam. A
flat mirror located just behind the test sectiotumes the beam into the beam splitter cube and thato
camera sensor. The second small achromatic leng%Rim) forms the image magnification on the
sensor.

Concave mirror

Window of test section U
Diaphragm H Model
.L Spatial filter
19 ™5 L -
Acouto-optical cell I
Achromatic lens Flat mirror
Flow
. axis
Achromatic lend
™ Interference fringe
APX RS 3000 camer.
Fig. 1 Schematic model. Fig. 2 Implementation gitdi holographic interferometer.

4 Obtained results

As the test lasts about 200 milliseconds, the fietegrams are recorded using a Photron APX RS 3000
camera at the framing rate of 3,000 images perne¢833.33us between each interferogram). The
exposure time of each image fixed by the camedqussand the camera is triggered by a TTL signal
generated 215 ms before the beginning of the blingt.recording procedure is as follows:
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- the interferometer is adjusted with a uniformkgaound color. Then, the concave mirror is tilted t
introduce the reference micro-fringes which wilhstitute the spatial carrier frequency.

- then, the reference interferogram is recordetiaut flow in the test section.

- finally, the camera triggered with the run recte measurement interferograms at a high framing
rate. Here, as the camera is triggered a few hdnareroseconds before the beginning of the bunmst, t
first images of the film can be easily used asrezfee images.

Fig. 3a shows two images of interference microgfes recorded with and without flow (reference and
measurement). In the enlarged part of the shodd llgated just above the injection, the disturleanc
of the interference micro-fringes can be obserbeth by the shock wave and by the hydrogen jet. The
first analysis step consists in computing FFT2Dctaeof the reference and measurement images. Fig.
3b shows the results obtained in the four quadmintise spectrum. The +1 and -1 symmetrical orders
with up and y coordinates corresponding to carrier frequencezgeated by the optical setup - and the
central zero-order are very well identified. Thigefing step consists in applying a window aroumel t
+1 order and in reconstructing the amplitude arasplof the hologram with the information contained
around the +1 order.

Considering the values of the spatial carrier fesgies, yand \ are respectively equal to 15 riim
and 10 mrit that gives a resolution of about 10 to15 fringes mm in the plane of the CCD camera.
As the optical setup magnification is here given thg ratio between the diameter of the large
achromatic lens (200 mm) and the sensor size (1), i@ resolution in the test section is equal to
0.76 mm along the x axis and 1.14 mm along theiy. &hese values may seem high, but they are
mainly related to the pixel size of the camera Whas used in this study of feasibility.

30 T e 0 3
Lo rad
05 . +lorder | 2
lopiE &] H1
T ol 0 order L
Eo B )
> .
-10f ‘ b1
20' - -1 order 2
f ' Reference
“30 20 -10 0 10 20 30 600 800 Pixels
30 , R Ll (mm-l’\L . , § _ _ I _ 3
. rad
20 +1 order 2
101 1
F"E 0 order
Eo B 0
>O
-10f -1
-1 order 80 -2
20| ')
9] Measurement
3 [ R -
~“30 20 -10 0 10 20 30 0 200 400 600 800 Pixels
U, (mm'lg'
a) Interferograms b) Fourier spectra ¢) Modulo 2p phase map

Fig. 3 Reference and measurement interferogramgsima
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Once the filtering window determined, the refereand measurement phase maps shown in Fig. 3c are
calculated. It should be noted that the phase rnapsalso be calculated by saving the spatial carrie
frequency. As the phases are calculated modal@2 unwrapping process has to be applied to obtain
the phase map. Fig. 4a shows the phase processingapped) for the measurement. From the phase
map of the phenomenon, the optical thickness mapeesily be calculated and Fig. 4b shows an
example where the optical thickness varies betw@ehand 0.4 microns. After having analyzed all the
interferograms of the sequence, we noted that mieege of combustion of the hydrogen jet in the
shock layer can be pointed out. Knowing the phat$erence of each frame, the luminous intensity of
the interference fringes, which would have beerualiged if a technique using transmission or
reflection plate holography had been implemented, lme calculated. Fig. 4c shows the interferogram
computed from the phase difference maps. The slamaof an initial optical thickness is equivalent
to recording interferogram with a uniform backgrdwolor, which leads to a fine visualization of the

shock wave location and of the small hydrogenngation.
0 - .

R rad 0
20

-0.2

0 Y B OR )
0 200 400 600 800 Pixels 0 200 400 600 800 Pixels

a) Unwrapped phase difference b) Optical thiskne ¢) Luminous intensity
Fig. 4 Visualization of hydrogen jet.

5 Comparisons with numerical smulations

The wind-tunnel run studied in previous sections &lso been numerically simulated at an instant of
the run slightly earlier than for holographic viBmation so that reservoir total pressure (Pt) and
enthalpy (Ht) weakly differs: Pt = 497 bar and H2.34 MJ/kg for the computation; Pt = 472 bar and
Ht = 8.70 MJ/kg for the visualization. Nevertheletise measured Pitot pressures (P’t) in the test
section are very close: P't = 27,058 Pa for thematation and P’t = 27,844 Pa for the visualization.

5.1. Numerical modeling

3D Reynolds Average Navier-Stokes computations Ihaen performed to simulate the flow. Only the
flow on the upper part of the plate is computede §ometry of the injector is not modeled; injectio

is simulated by a step velocity profile imposedabdisk boundary condition of 1 mm diameter. The
mesh used is block-structured and contains appuideimn 10.4 million cells. The cell size at the
injection area is 5Qim and the height of the first cell above the walOum.

Starting from the reservoir pressure and enthatpy,flow is rebuilt inside the test section usihg t
PNS code PANASCE. At t = 35 ms, the Mach numbatjcspressure, and static temperature in the test
section are respectively: 9.58, 246 Pa and 471ies& values are used as input for the RANS
computation. The computed unit Reynolds numbedishe test section is 274,262 nHydrogen is
injected at Mach 1with a total pressure of 17.4dat a total temperature of 300 K. Computations are
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run with the ONERA CEDRE code. Turbulence is tak#a account using a k-l model. Combustion is
modeled by a quasi-laminar approach: terms of spgmioduction are calculated by the Arrhenius law
based on the Eklund kinetics, 1990. Eulerian fluaes evaluated at cells faces using a Roe scheme.
Time integration is performed by an implicit Euscheme of first order accuracy. Second order in
space is achieved by a MUSCL type interpolatiorcelis faces.

5.2. Description of the flow and comparison with experiment

Principal features of the flow have been descrimg&chetz et al. [7] and Viti [8] and are gatheoed
Fig. 5 which focus on the injection. The jet experldrough an expansion fan and is re-compressed
through a barrel shock whose windward part is fdldg the transverse main flow. The bow shock
created in front of the injection intersects thatplleading edge shock. The adverse pressure gradie
induced by this bow shock causes boundary layearagpn, which results in a characteristishape
shock pattern. The barrel shock ends with a Mask diter which flow is subsonic. This subsonic flow
is then re-accelerated by surrounding flow throangking layers. Another mixing layer takes place
between the bow shock and the barrel shock. Eveheifdetail of the flow is not captured by
holographic visualization, the interaction betwéles leading-edge shock and the injection bow shock
is clearly visible on Fig. 5 and 6. On Fig. 6, thehlieren visualization obtained from holographic
interferogram is compared to a ‘numerical’ schirereomputed from simulation, in the plane of
symmetry. Due to the fact that the numerical sclfias calculated in the symmetry plane, the legdin
edge shock cannot be captured downstream of isaiction with the jet bow shock. For the same
reason, the bow shock itself is more discerniblenthn the holographic based visualization.
Nevertheless, the comparison between the two apipesashow a very good agreement on the location
of the shocks interaction, and of the downstreasitipn of the bow shock.

700

Fig. 5: 2D view in the symmetry plane Fig®omparison of Schlieren visualizations calculated
of the flow structure near the injection  frewwlographic interferogram and from numerical sirtiola

6. Conclusion

As a conclusion, some improvements can be browgtiti$ optical setup. As the resolution of digital
holographic interferometry depends mainly on theepsize and the pixel number of the CCD or
CMOS sensor, the interferograms have to be recondéda camera having a high spatial resolution
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sensor and a high framing rate. In order to in&d¢he spatial carrier frequency, the wavelengtthef
green DPSS laser can be replaced by a blue DPR86Having an adapted coherence length. The
sensitivity of the measurement can be increasechlynging the focal length of the large achromatic
lens (800 mm) and the optical bench has to betesbisom external vibrations.

Anyway, the feasibility of digital holographic imferometry has been demonstrated in the F4
hypersonic wind tunnel. The phase difference map& Hed to obtain the optical path difference or
thickness maps. If the flow is assumed to be twoedisional in the spanwise direction of the flatgla
the refractive index maps of the phenomenon coeldldsained from the optical thickness maps.

The results obtained in digital holographic intesfeetry can be used for several interesting
comparisons. From the phase difference maps, tlogfaphic images and schlieren images in the x
and y directions can be recalculated, which ispossible with a conventional schlieren optical petu
Finally, the feasibility of the method has showe thide possibilities of the technique and it gives
access to the quantitative measurements of the dowhe optical thickness and the refractive index
under particular conditions. In addition, if theachcteristics of the ionized gas are well knowr, th
value of the gas density upstream and in the slayek can be estimated.
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