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ABSTRACT

A single-camera Planar Doppler velocimetry system has been demonstrated, in which illumination beams at two closdy-
spaced optical frequencies are derived from a single Argon-ion laser. The frequency of one beam lies on an absorption line
of iodine vapour, and the other just off the absorption line. The beams sequentialy illuminate a plane within a seeded flow
and the Doppler-shifted scattered light passes through an iodine cell onto a single solid-state camera. Light scattered from
the measurement plane from the beam with its wavelength set to be off the absorption line is not affected by its passage
through the cell, and provides a reference image, while that from the beam on the absorption line encodes the velocity
information as a variation in transmission dependent upon the Doppler shift. The complex imaging system required for
conventiona PDV is eliminated, since superposition of the reference and signal imagesis automatic.

The two beams are generated by an optical arrangement incorporating an acousto-optic modulator, and are transmitted to
the region of interest by a single mode optical fibre, which ensures both a smooth Gaussian illumination profile and co-
linearity of the beams. The system is demonstrated using a spinning disc and a velocity resolution of +/-1 ms* is achieved.
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1. INTRODUCTION

Planar Doppler velocimetry (PDV) is a flow measurement technique that provides vel ocity information over a plane defined
by a light sheet formed from an expanded laser beam™?3. The optical frequency of light scattered from each particle in the
seeded flow experiences a Doppler shift, which islinearly related to the velocity of the particle at that point in the flow. In
PDV, a portion of the light sheet is imaged, through a glass cell containing iodine vapour, onto the active area of a solid
state camera. lodine has a number of narrow absorption lines over the visible region of the spectrum®®. If the laser
frequency is chosen to coincide with one such line, the optical intensity at any position in the cameraimageis a function of
the Doppler shift experienced at the corresponding flow position, via the frequency-dependent i odine absorption.

The intensity over the image varies for reasons other than the iodine absorption. The laser sheet typically has a Gaussian
intensity profile, seeding density is not uniform and diffraction fringes caused by imperfections in the optical surfaces can
appear in theimages. To eliminate these variations, it is usual to amplitude-divide the image beam onto either two cameras’
or two halves of a single camera’, as shown in figure 1 (a) and (b). From one of the two imaging paths the iodine cell is
omitted, and the resulting image acts as a reference to normalise the signal image carrying the vel ocity information.

If accurate velocity information isto be obtained, the signal and reference images must be identical, as far as possible, apart
from the effect of the iodine absorption. Even very dight differences in the magnification or the optica distortions of the
two images can lead to significant errors in the calculated velocity. Superposition of the two images must be achieved to
sub-pixel accuracy, particularly if large velocity gradients are present in the region imaged. Software de-warping routines
can achieve good pixel matching and can help to correct for small differences in magnification®®. Post-processing cannot,
however, correct for the aimost inevitable differences in the optical distortions, although these could be minimised by
including a dummy cell in the reference arm of the system. The beamsplitting cube that is typically used to divide theimage
can aso introduce errors. The splitting ratio of this component, even if it is described as a non-polarising cube, will
generally have some polarisation sensitivity that can affect the intensties seen by the two cameras.
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Figure 1. Schematics of typical PDV image-capture arrangements, (a) two-camera system, (b) single-camera split image

arrangement, (¢) single-camera dual-frequency arrangement.

The technique described in this paper offers one solution to the pixel-matching problem. A portion of the laser beam used to
illuminate the flow is made to pass through an acousto-optic modulator (AOM). This hasthe effect of dightly altering the

optical frequency of the light. The laser istuned just off the low frequency side of the absorption lineand the AOM is

chosen to produce a frequency upshift of 260 MHz, so that a double pass through the device resultsin atotal upshift of 520
MHz. Thisis sufficient to take the optical frequency from the original position off the side of the iodine absorption lineto a

position close to the 50% absorption level on this side of the line. Since the original laser frequency is off the absorption
ling, this beam will pass unaffected through theiodine cell. Thus, illumination beams appropriate for acquisition of both

reference and signal images can be derived from the same source, and a common path optical geometry becomes possible,
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where the PDV system isreduced simply to an iodine cell positioned directly in front of the lens of the solid-state camera,
as shown in figure 1 (c).

Thereference and signal illumination beams diverge from a common point source, defined by the core of the optical fibre
used for beam ddlivery, and have identical beam profiles. Furthermore, since the wavelength difference between the two
beams is negligible in comparison with the typical size of scattering particles, the scattering efficiency should be identical
for the two beams at any particular orientation. Exact alignment of the reference and signal images on the active area of the
camerais automatic.

The disadvantage of the system described above is that smultaneous image acquisition is no longer possible. Since the
reference and signal images are not spatially separated, they must instead be separated in time. For steady-state flows thisis
not a major difficulty, provided that the seeding is relatively dense and the seeding digtribution remains essentialy
unchanged during the time taken to acquire the two image frames. The extent to which this condition is satisfied will depend
upon the individual flow situation. The accuracy of measurements made in a steady-state flow can, of course, be improved
by acquiring a succession of image pairs and taking an average of the normalised intensity maps over an extended period.

A two-colour PDV system, using a single camera has previously been described. This system used areference beam in the
red at 618nm and a signal beam in the green a 532nm. A colour camera was used to image the light sheet in the flow, so
that the reference and signal images could be obtained simultaneoudly by the different colour camera channels. However, a
large amount of processing was necessary to correct for ‘bleed’ between colour channels, and data interpolation was
required to obtain spatially overlapping images. It isnot clear whether the beam profiles for the two col ours were matched,
or whether account was taken of the significant differences in scattering as a function of geometry, that would be expected
for such widdly differing wavel engths.

2. METHOD

2.1 lllumination system

The experimental arrangement of figure 2 was used to generate co-linear beams at two closaly spaced optical frequencies
for illumination of the single-camera PDV system. The optical components were mounted on a rigid Im by 0.5 m
aluminium plate for portability. In this arrangement, the linearly polarised beam from the laser source is amplitude-divided
by a polarising beam splitter (PBS1). The orientation of a half wave plate (HWP) positioned before this beam splitter can be
altered to change the splitting ratio, which was set to be about 70/30, the smaller fraction of the light being transmitted in
the straight through direction. The straight-through beam is simply redirected using a mirror and a further beamsplitter
(PBS2), before being coupled into a singleemode opticad fibre. The hdf-wave plate, orientated so as to rotate the
polarisation azimuth through 90°, is necessary to achieve reflection of the beam at the second beam splitter. The light that
emerges from the optical fibreisa spatially filtered beam with an approximately Gaussian intensity profile.

The polarisation state of the beam reflected at PBS1 is orthogonal to that of the straight-through beam. This beam is
redirected by a third polarising beam splitter (PBS3) and passes through a tel escope arrangement, reducing the diameter of
the beam by a factor of about three. The reduced beam diameter is sufficiently small to allow the beam to pass through the
active area of an AOM positioned in the system, by which the optical frequency is increased by 260 MHz. The efficiency of
the AOM at this wavelength is about 70%, thus about a third of the power islost in the frequency conversion. The shifted
beam is then retroreflected by a mirror, making a double pass through a quarter wave plate (QWP), which rotates the
polarisation state by 90°. The beam makes a second transit through the AOM, doubling the optical frequency shift to a total
of 520 MHz with a further reduction in power, and is recombined with the reference beam in PBS2 and coupled into the
optical fibre. At the point of recombination, the optical power in each of the two beams is similar. Careful alignment is
required to maximise the power coupling from both beams simultaneously into the fibre. The optical fibre is birefringent™,
and is orientated such that the polarisation states of the two input beams are aligned with the polarisation axes of the fibre.
Thisensuresthat the linear polarisation states of the two beams are preserved as they propagate down thefibre. To minimise
scattering variations caused by the different polarisations of the two illumination beams, an appropriately orientated quarter
wave plate at the fibre output converts the orthogonally polarised linear states into orthogonal circular states. Cylindrical
optics can then be used to form the circular Gaussian beam into a light sheet.
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Figure 2: Experimental arrangement for the generation of two optical frequencies spaced 520 MHz apart.

The light source was an Excel Argon-ion laser, incorporating a temperature-stabilised etalon to ensure single-mode
operation at 514.5 nm. The single-mode linewidth was about 3 MHz. Although this laser was not designed as a tunable
source, the etalon temperature could be altered in rather a coarse manner, using a potentiometer on therear of the laser. The
setting resolution of this control was about 70-100 MHz. The iodine cell itself was used to monitor the frequency variation
and to locate the absorption line, since no indication of the optical frequency was available from the laser el ectronics.

During the experiments described in this paper, the laser wavelength is tuned just off the iodine absorption line, and the
unshifted beam is subsequently used to obtain reference images in the PDV system. Illumination from this beam, which
bypasses the AOM, is permanently “on”, and is present in all images captured by the PDV camera system. The frequency of
the upshifted beam automatically lies at a position somewhere on the low-frequency side of the iodine absorption line This
beam, which is present at the fibre output only when the AOM is switched on, is used to obtain the signa images in the
PDV system. Both signal and reference beams experience scattering from the flow, and the frequency shifts imposed on
each beam are identical. Since both beams also pass through the iodine cell, the initid reference frequency must be
positioned sufficiently far from the top of the absorption line that the maximum Doppler upshift expected in the system will
not bring it down below the top of the line.

2.2 mage-captur e system

As described in the introduction, the image-capture system is greatly simplified compared with that required for a single
frequency of illumination. Both reference and signal beams pass through the iodine cell, and the system is reduced to a
single solid state camera incorporating a zoom lens, together with a temperature-stabilised iodine cell positioned directly in
front of thelens.

The camera used is an Imager 3 supplied by LaVision. It isa digital camerawith 12 bit A/D conversion on a Peltier-cooled
chip, and 1280 x 1024 image resolution. Dedicated image acquisition and processing software (DaVis 6.0) is used to control
the camera and to calculate and display normalised intensity maps. The iodine cell, which operates as a saturated cell®, is
25 mm in diameter and 50 mm long, with a cold finger. The cold finger is held at 40° C using a Pdtier element in a
feedback loop, and the cdll body is contained in an oven held at 56.5° C.
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Accurate velocity measurements using PDV require an exact knowledge of the shape of the iodine absorption line as a
function of frequency. The tuning method for the laser described above did not have sufficient resolution to allow the form
of the absorption line to be measured. This measurement was made independently using a Spectra-Physics Argon-ion laser
with a highly stahilised etalon and frequency-scanning capability. The resulting plot of iodine transmission as a function of
optical frequency is shown in figure 3, together with a sixth-order polynomial fit.
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Figure 3: Plot showing the normalised transmission of theiodine vapour cell as afunction of laser frequency (dotted line),
and a sixth-order polynomidl fit to the data (solid line).

The AOM in the illumination system can be switched on or off by a TTL sgnal sent to the driver. When the TTL signal
goes high, the AOM is on, and upshifted light is present at the fibre output. Synchronisation of image capture with the
appropriate illumination beams was achieved by programming the camera to send out a TTL signa to the AOM prior to
each operation of the electronic shutter. Pairs of images were collected and stored, initially in memory, since this allowed a
large number of image pairs to be acquired in rapid succession. In these experiments, 40 image pairs were acquired and
stored in about 15 seconds, using a camera exposure time of 100 ms. The relatively dow step of saving the data onto the
hard disc was performed only after acquisition of all imagesin the set had been compl eted.

Typicaly, in PDV, one of each pair results purely from illumination by the reference beam and the other purely from
illumination by the signal beam. The ratio then produces a normalised intensity map. However, in our system, the reference
beam was aways present. The resulting pairs of images thus comprised one frame illuminated purely by reference
(unshifted) light and the other by reference plus signal (shifted) light. The processing required to obtain a normalised
intensity map now involves an extra step; oneimage must first be subtracted from the other to extract the effect of the sgna
illumination aone, before taking the usual ratio.

The test object used to assess the PDV system was a perspex disc 150 mm in diameter, coated with mat white paint and
mounted centrally on the spindle of arotary motor such that the plane of the disc was orthogonal to the plane of the optical

bench. The maximum circumferentia velocity of the wheel was 31 ms™. Figure 4 shows a plan view of the experimental
arrangement. The geometry is chosen to have high sensitivity to the horizontal component of rotational velocity in the plane
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of thewhedl. For measurements on the disc, it was not necessary to form the diverging illumination beam from the fibre into
alight sheet, since the front surface of the disc itself defined the measurement plane.

From dual -frequency generator of
figure 1
<

Figure 4: Experimental illumination and observation arrangement.

The expected frequency shift is given by the usual Doppler equation™

Ay = v(o—i).v | @
C
where V is the optical frequency, 0 and i are unit vectors in the observation and illumination directions respectively, V is
the velocity vector and c is the speed of light in air. For the geometry shown in figure 4, a maximum frequency shift of +/-
104 MHz is predicted at the highest and lowest points on the spinning disc, where the velocity vector is horizontal. The
horizontal component of velocity should vary linearly along any vertical line through the disc.

Background images were acquired by positioning a small circle of card close to the output end of the optical fibre, to throw
the surface of the wheel aone into shadow while retaining any scattering from surrounding objects that would aso be
present during velocity measurements. Baffles of black card were arranged to reduce unwanted scattering as much as
possible. Background subtractions were performed routinely on al images subsequently acquired by the camera.

3.RESULTS
Sets of image pairs were stored for both anticlockwise (series A) and clockwise (series B) rotation of the disc, as viewed
from the front, at the maximum rotation speed. For each direction of rotation, 40 image pairs were acquired, the AOM being
synchronised with the camera shutter to provide the appropriate illumination for each image. The images were saved to disc

as pairs. image RS = reference + signal illumination and image R = reference illumination for each pair. A typical image
pair is shown in figure 5, for anticlockwise rotation of the disc.
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Figure 5: A typical image pair (number 20 of the 40 images stored) acquired by the camera for anticlockwise rotation of the
disc; (a) image R+S, (b) imageR.

In the images, the intensity profile of the illumination beam results in high greyscale values for pixels near the centre of the
disc, and lower values towards the edges of the disc. The initia image anaysis, which is carried out using the DaVis 6.0
software by loading the stored images into memory buffers, is simply a subtraction S= RS - R, followed by a division to
obtain animageN = S/ R. Thevaluesin N should be multiplied by a constant to obtain the normalised intensity map. If the
signal and reference illumination intensities are equal, the multiplication factor is 1. The value at the centre of the disc in
each image corresponds to the unshifted laser beam frequency, since the velocity hereis zero. If the laser frequency remains
stable, this value should be constant for each imagein the stored series.

The normalised images are quite noisy therefore, when measuring the greyscale level at any position in an image, it was not
sufficient to take the value for asingle pixel. Instead, an average was taken over aregion 10 pixels wide by 10 high centred
on the position of interest.

For al pairs of images in each of the two data series, the normalised intensity maps were calculated. Each map was
corrected for the variationsin signal beam intensity, the correction factor being chosen to produce the expected value for the
zero-velocity absorption at the centre of the disc. Figure 6 shows an example of a corrected map from each of the two series,
corresponding to the two rotation directions of the disc. An average was then taken of the entire set of 40 normalised images
in each series. The resulting images, which are considerably less noisy than the individual images, are shown in figure 7,
again for both rotation directions of the disc. The difficulty in tuning the laser used to a predetermined frequency, has
resulted in the unshifted frequency being quite close to the top of the iodine absorption curve during both sets of
measurements, and thus the relationship of image intensity to Doppler shift in figure 7 isnon-linear.
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@ (b)

Figure 6: Normalised intensity maps, corrected for the variation in sgnal beam intensity for (a) anticlockwise and (b)
clockwise rotation of the disc.

@ (b)

Figure 7: Normalised intensity maps obtained by averaging over the entire set of 40 images for (&) anticlockwise and (b)
clockwise rotation of the disc.

The performance of the PDV system can be assessed by comparison of the data with independent measurements of the disc
velocity. Profiles of the greyscale value were taken vertically through the two images of figure 7 close to, but not passing
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through, the centre of the disc. The stedl spindle of the motor on which the disc is mounted produces specular reflections.
There are small regions where the light from these saturates the camera, causng anomalies in the greyscale level close to
the centre of theimage. Distortions in the profile therefore arise, but these are avoided by choosing a vertical line at least 15
pixels to one side of the disc centre. Figure 8 (a) shows a profile taken through the averaged image for series A, together
with the relevant section of the polynomial fit to the iodine transmission curve, calculated using independent tachometer
measurements of disc rotation frequency. The iodine curve is positioned by selecting the transmission on the horizontal
centre line of thedisc, 75 mm from the top edge, to match the value determined experimentally.
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Figure 8: Intensity profiles taken from the images of figure 7, averaged over 10 columns dightly to the left of the centre of
the disc for (&) anticlockwise and (b) clockwise rotation. Solid lines represent the intensity profiles taken from the images,
and the dotted lines represent iodine absorption data cal culated using independent vel ocity measurements.
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The PDV measurements match the calculated transmission values very well over the central region of the disc. The
maximum error in greyscale value in thisregion is about +/-8, corresponding to a velocity error of +/-1 ms™. Towards the
edges of the image the fit is less satisfactory, and the experimental values are higher than those expected theoretically, for
both the top and bottom edges of the disc. The maximum disparity in greyscale level between the two curves is about 50,
corresponding to avelocity error of 7 ms™. The discrepancy is attributed to low illumination intensity in the outer regions of
the disc. Thegreyscale levelsin the origina images fall to only about 100 towards the disc edges and, athough background
levels were subtracted from the images as described above, small variations in background illumination were likely because
of the varying signal illumination levels. Any systematic errors will be increased by the signal processing operations and
have most effect in regions of low intensity.

The same behaviour is seen in the profile of figure 8 (b), for clockwise rotation of the disc. As expected, the gradient of this
curve is negative, rather than positive. Once again, the gradient of the experimental curve is in good agreement with the
polynomial fit to the iodine transmission over a central region of the disc. However, the region over which the experimenta
curve departs from the calculated line is larger and the disparity dightly greater, than in figure 8 (a). Thisis ascribed to a
very dight change in illumination conditions between the two sets of measurements, which was not compensated for by
acquisition of anew pair of background images.

4. DISCUSSION

The results presented above indicate that the frequency-switching technique can provide PDV veocity data with a
resolution of up to 1m/s from a spinning disc. The accuracy and resolution of the information deteriorate in regions of low
illumination intensity. This problem is, however, universal in PDV measurements and can be overcome by the use of a more
powerful laser and perhaps aso the introduction of beam-shaping optics to produce a more uniform illumination beam.
Processing is made extremely straightforward in the one camera system, by the avoidance of any pixel-matching
requirement. The calculations have been made dightly more complicated in these experiments by the need to correct for
variations in signal beam intensity, which were not anticipated. Altering the acquisition procedure to allow the AOM to
stabilise before starting acquisition could eliminate this complication.

For the technique to be of real utility it must, of course, be proved in seeded flows. In the next phase of the research
programme the intention isto test the system on a ducted airflow, using seeding from a smoke generator. The optical power
in the scattered beam is expected to be much lower from area flow than from the spinning disc. However, the measurement
area of interest is often very much smaller than the 150mm diameter circle of the disc, so lack of power isnhot expected to be
amajor problem. Furthermore, using a different laser, the power in the illumination beam can be increased by an order of
magnitude. An additional increase could be achieved by the use of a Pockels cell, synchronised with the AOM, at the laser
output, to switch al the available laser power between the two orthogonal linear polarisation states. This would aso have
the advantage of providing images under either purereference, or pure signal illumination, thereby avoiding the subtraction
stage of the image processing and improving the signal-to-noise performance.

For the camera exposure times used in these experiments, the optical power in the scattered beam remains constant with
time, asit isaways integrated over at least one complete rotation of the disc. An important difference in areal flow is that
the scattered power, and its distribution over the cameraimage, may change between acquisition of the reference and signal
images. In a steady-state flow, if the seeding remains fairly uniform, the errors caused by this should remain small, and can
be minimised by taking an average over many normalised images. The number of images required for acceptable
performance will depend on the nature of the flow.

In arapidly time-varying flow, of course, averaging over many images is not an option, and application of the technique is
not straightforward. A pulsed laser would probably be required for this type of flow, to freeze the motion of the particles™.
With state-of-the-art cameras, the time between two frames can be as short as 100 ns, so near-simultaneous acquisition
would be possible. This would probably be acceptable for moderate-speed flows. However, the fibre that matches the
profiles and directions of the two illumination beams would not transmit the high-power laser pulses without damage. A
spatial filter could be used instead, but the flexibility of the system would be grestly reduced.
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5. CONCLUSIONS

It has been shown that two closely-spaced optical frequencies, produced by switching an acousto-optic modulator, can form
the basis of a common-path, single-camera PDV system. Superposition of the signal and reference images, which is one of
the major difficulties in the more conventional two-camera PDV arrangement, is achieved automaticadly, albeit at the
expense of precise simultaneity in the acquisition of the image pair. The performance of the dua frequency system has been
assessed using arotating disc as a test flow and, after a combination of tempora and spatial averaging, a velocity resolution
of +/-1 ms™ has been achieved.

The potential benefit of the technique is a major simplification of the PDV image-capture system for time-invariant flows.
It is most likely to find application for measurements in well-seeded flows, over areas of the order of a few sguare
centimetres, since fibre delivery of the illumination beams limits the maximum power in the measurement volume to a few
hundred milliwatts. The use of optical frequencies separated by only 520 MHz effectively eiminates any differences in
scattering between the reference and signal beams.
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