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Image Processing for Interferometric Mie and Rayleigh
Scattering Velocity Measurements

D. Bivolaru,* M. V. (")tl'jgen,T A. Tzes,* and G. Papadopoulos§
Polytechnic University, Brooklyn, New York 11201

An image-processing method that is used in conjunction with a Fabry-Perot interferometer has been developed
for time-resolved local velocity measurements in gas flows. The processing method is used to determine the Doppler
shift in Mie or Rayleigh scattered light from the measurement volume. The method minimizes the adverse effects
due to the drifting oflaser frequency and interferometer alignment. The scattered light is mixed with unshifted light
from the interrogation laser for reference before it is passed through the interferometer. The concentric, double-
ring pattern images (from both the signal and the reference light) formed at the output of the interferometer are
captured by a charge-coupled device camera and analyzed for free spectral range and Doppler shift simultaneously
using an autocorrelation technique. Measurements have been made in the near field of a Mach 1.6 supersonic jet
to determine the structure of the velocity field. Velocity data obtained using the present image analysis technique
has been compared with those obtained using a direct analysis method in the same jet.

Introduction

ONINTRUSIVE, quantitative diagnostic techniques are

needed in high-speed aerodynamics research to characterize
flow parameterssuch as gas velocity, temperature,and density. Tech-
niques are sought both for ground testing and for in-flight measure-
ments. A desirable feature of a technique is the ability to obtain
time-frozen measurements so that unsteady and turbulent features
of the flow can be investigated. Developments are still needed in
this area; however, several laser-based techniques have emerged in
recent years that show promise for the future.

One of these techniques is interferometric Rayleigh/Mie scatter-
ing in which the spectral characteristics of the scattered light are
analyzed using a Fabry-Perot interferometer. - In this technique, a
narrow-linelaser is used to interrogate a point or a two-dimensional
plane in the flow. If Mie scattering is used, the spectral width of the
scattered lightis essentiallythe same as thatof the incidentlaserlight
while the peak frequency is Doppler shifted by an amount that is a
function of the velocity of the scattering particle as well as the opti-
cal configuration. However, the magnitude of this frequency shift is
typically small for most aerodynamic applications(including super-
sonic flows), and accurate determinationof it is difficult. If Rayleigh
scatteringis used, the line broadening and intensity of the scattered
light from the molecules can be related to the gas temperature and
density, providing additional information about the flowfield. One
of the earlier attempts to use a Fabry-Perot interferometerto deter-
mine the local mean velocity is due to Eggins and Jackson,! who
measured the Doppler shift due to the axial velocity in an under-
expanded supersonic jet. The scatterers were solid particulates that
occurred naturally during the jet expansion. They considered only
the time-averaged velocity and used the interferometerin the scan-
ning mode. The Rayleigh scattering-based method has been used
to assess the viability of this method as a tool for rocket plume
diagnostics’ and for advanced short-takeoffivertical landing model
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tests.> A scanning Fabry-Perot interferometer was used in these
studies as well, and the data were postprocessed for time-averaged
temperature and velocity. The method was later extended by captur-
ing the two-dimensional Fabry-Perot images with a charge-coupled
device (CCD) camera. With this approach, instantaneous velocity
information was obtained in a supersonic wind tunnel* and at the
exitof a supersonicjet.’ In both cases, however, the acquired images
were postprocessedafter the experiments to determine the velocity.

Advanced image-processing methods must be employed to de-
velop these interferometrictechniquesinto robust, reliable, and rou-
tine diagnostic tools. First, fast, automated analysis of the Fabry-
Perot interference patterns is necessary to obtain time-series data.
Also, the image captured by the CCD camera can possess poor
signal-to-noisecharacteristics,renderingthe accurate determination
of the Doppler shift difficult. Therefore, robust image-processing
methods are needed to maintain levels of measurement resolution
that are acceptable for quantitative results. Furthermore, because
the Fabry-Perot alignmentis highly sensitiveto external conditions,
such as temperature fluctuations and vibration (which tend to exist
in both ground and in-flight tests), image analysis techniques that
can take into account small degradations in instrument alignment
are desirable.

In the present work, an image-processingmethod has been devel-
oped and tested for accuracy and reliability. The method depends on
the linearization of the concentric circular interferencerings from a
planar Fabry-Perot interferometer and subsequent statistical analy-
sis using a correlation method. The optical setup and analysis pro-
cedure allow for the determination of the Doppler shiftindependent
of small drifts in the Fabry-Perot mirror alignmentand the incident
laser frequency, improving the versatility of the technique for use
in practical applications.

Experimental Details

Fabry-Perot Interferometer

The Fabry-Perot interferometer is essentially made up of two
partially transmitting mirrors placed parallel to one another inside
a housing. In a plane Fabry-Perot interferometer, these mirrors are
flat. If the space between the two partially reflecting mirrors is il-
luminated by a beam of monochromatic light entering through one
mirror, the light will be transmitted through the other only when the
optical path length between the surfacesis an integral number of the
wavelength of the light. Therefore, the interferometeracts as a filter
with a transmittancethat is dependenton the wavelength of the light,
the angle of the incident light beam relative to the surface normal
of the mirrors, the refractive index of the medium between the two
mirrors, and the distance between these mirrors. An in-depth theory
of Fabry-Perot interferometers can be found in Ref. 6.
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The most common way of using the Fabry-Perot interferometer
is by moving one mirror relative to the other by piezoelectricmeans,
thereby changing the distance between the two mirrors at a constant
speed. In this scanning mode of operation, the output is monitored
by a light sensor such as a photomultiplier tube, and the periodic
transmission of light is related to the wavelength. In the scanning
mode, time-resolved frequency characteristics of the light cannot
be realized. An alternative to the scanning mode is to direct the in-
coming monochromatic light into the interferometer with a certain
divergence angle and focus the output light of the interferometerby
using a focusing (or fringe forming) lens. In this case, an interfer-
ence pattern made up of a series of concentric bright rings of the
transmitted light is formed at the focal plane of the lens. This image
can be captured by a CCD camera’ and subsequently analyzed to
obtain the spectral characteristics of the light. Both the scanning
and imaging modes of operation have been used in aerodynamic
applications by Seasholtz et al.,> Kouros and Seasholtz,® Seasholtz
et al.,* and Seasholtz?

The free spectralrange (FSR) of the interferometer,defined as the
frequency range represented by the distance between two consecu-
tive rings, is given by FSR = c¢/2Ln. Here c is the velocity of light,
n is the refractive index of the medium between the two mirrors (in
the present study, n = 1 because room temperature air occupies the
cavity of the interferometer), and L is the distance between the two
mirrors. Larger FSR and, hence, a wider range of measurements
can be obtained by reducing the distance between the two mirrors.
However, this will also result in reduced measurement resolution.
On the other hand, too large a value of L will not only make the
interferometer alignment difficult but also will reduce the range of
velocity that can be measured. Therefore, an optimum value of L
has to be determined, taking into account both the expected velocity
range and the optical configuration. In the present study, a plane
Fabry-Perot interferometer was used in conjunction with a focus-
ing lens at the output to form an interference pattern of concentric
rings. The distance between the mirrors was selected as L =40 mm,
which yields a free spectral range of FRS =3.75 GHz.

Experimental Setup

Figure 1 shows the optical arrangement for the present study. A
narrow-line, pulsed Nd: YAG laser was used as the light source. The
fundamental line of the laser is 1064 nm. The 532-nm second har-
monic line of the laser, obtained by passing the infrared laser beam
through a KDP crystal, was used for the experiments. The line nar-
rowing was obtainedby seedingthe laser gainin the infrared through
a diode laser. The linewidth at the 532-nm green line is estimated
to be approximately 120 MHz (half-maximum, full width). In the
experiments, the laser beam passed throughthe jet at a 45-degangle.
The scattered light from the probe volume was collected at 90 deg
to the laser beam, as shown in Fig. 1. Therefore, the Doppler shift

in the scattered light was proportional to the streamwise velocity
component of the jet.

A small portion of the laser energy at the green line was extracted
by a beam splitter before the beam formed the probe volume. This
light, which served as the reference frequency during the measure-
ments, was coupledinto an optical fiber and collimated at the exit of
the fiber, as shown in Fig. 1. A second beam splitter combined this
referencelight with the scatteredlight from the probe volume before
passing both through the Fabry-Perot interferometer. The output of
the interferometer was then focused on the CCD camera (using a
540-mm lens) where the concentricrings of the interference pattern
were formed. The reference and measurement beams were aligned
such that, when there was no flow, interference rings of the signal
from the measurement volume coincide with those generated by the
reference light.

Initially, Fabry-Perotimages were obtained with double-ringpat-
terns by slowly scanning one mirror of the interferometer and cap-
turing two sets of rings (correspondingto two shots of the laser) on
the CCD plane, simulating a Doppler-shifted light along with the
reference. This was done to obtain high-signal-to-noi® ideal im-
ages with which several candidate image analysis methods could be
tested. Two personal computers were used for the present measure-
ments. One computer controlled the operation of the CCD camera
and received the images from the CCD camera, whereas the other
controlled the operation of the laser and a ramp generator via an
I/0 board. The scanning of the Fabry-Perot mirror was achieved
through the ramp generator. Each of the simulated images contained
a different spacing between the sets of reference and measurement
rings (simulating a different velocity) because the ramp speed was
different for each case, whereas the exposure time on the camera
was kept constant.

After verifying the robustness of the proposed image analysis
technique through several simulated experiments as just described,
actual experiments were carried out in a free supersonic air jet with
an exit Mach number of M = 1.6. In this latter part of the investi-
gation, the streamwise velocity was measured both on the jet axis
and at several radial locations. The jet uses dried, compressed air
from a large reservoirthat is part of the Aerodynamic Research and
Testing Facility at Polytechnic University. The exit diameter of the
jet nozzle is d = 8.9 mm. Measurements were carried out for jet
stagnation pressures of Py =35 atm (jet A) and Py =3.38 atm (jet
B), corresponding to a slightly underexpanded jet and a slightly
overexpanded jet, respectively. (Note that the stagnation pressure
for the ideally expanded jet is 4.25 atm.)

Results
Simulated Fabry-Perot Images
Figure 2 shows three Fabry-Perot images captured by the CCD
camera, simulating different velocities ranging from zero (Fig. 2a)
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Fig.1 Schematic of the optical system and the supersonic jet.
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Fig.2 Fabry-Perot images of the simulated flow.
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Fig.3 Modified Fabry-Perot images in r-0 plane.

to the maximum velocity with the Doppler shift corresponding to
nearly the FSR (3.75 GHz) of the system (Fig. 2c). In Fig. 2a,
only one set of rings is present (corresponding to the reference or
zero-velocity condition). Note that in the next image a second set of
concentricrings forms. This second set represents the Mie/Rayleigh
scattered light from the probe volume. As the measured velocity
increases, this second set of fringes moves toward the center of the
circles. Finally, in Fig. 2c, the Doppler shift is almost as large as the
FSR, and the rings from the measurement volume nearly overlap
the reference rings.

Image Processing for Velocity

The next objective is to process these images to determine the
corresponding velocities. Note that each image contains its own
reference along with the measurement. Therefore, with a proper
image-processing scheme, the measured velocities should be inde-
pendent of small drifts in the alignment of the interferometer and
the frequency of the laser.

Software was developed to analyze the images shown in Fig. 2.
Again, the objective of the processing was to obtain frequency shift
in the measurementsignal (and, hence, the velocity), given an image
consisting of two sets of concentric circles (from a single Fabry-
Perot) regardless of the position of their center on the CCD surface.
All of the steps to be described were carried out by the dedicated
software.

As a first step, the center of the circular rings was obtained. Then
the circular rings were mapped onto the r-6 plane, as shown in
Fig. 3. Obtaining Fig. 3 from Fig. 2 is a two-step process. Because
of the linear pixel configuration of the CCD camera, the r values
of the fringes in the raw r-6 plane have a minimum for 6 = /4
and 37 /4, and thus, the transformed rings are not straight lines.
This was corrected by multiplying the r value for each pixel by an
appropriate coefficient. The second corrective step has to do with a
certainfeatureof the original Fabry-Perotimage. As is characteristic
of the Fabry-Perot interferometry, higher-order rings have smaller
increments in radius that result in nonlinear spacing between the
straightlines on the -0 plane. The radius relationship between two
consecutiverings is given by®

Ryi1 =[R2+ 2f2/k) (1

where R is the radius of ring, subscript p is the fringe number, k
is the order of interference, and f is the focal length of the fringe
forming (or focusing) lens. A best fit was obtained for Eq. (1) using
the actual images as follows:

Ry = /1.05R§+4155 2)

By using Eq. (2) as a compensation factor, the spacing of the funda-
mental (or reference) fringes was made constant,as showninFig. 3a.
Each ringin Fig. 2 is represented by a straight fringe in Fig. 3 when

the appropriate transformation is applied to r. Only the reference
fringes exist in Fig. 3a, whereas the next image to its right has an
extra set of rings whose distance to the referencerings characterizes
the Doppler shift in the measurementsignal. This distanceincreases
with increasing velocity, and when the corresponding Doppler shift
is as large as the FSR, the fringes correspondingto the actual signal
coincide with the original reference fringes, as shown in Fig. 3c.

After investigating several statistical tools, based on correla-
tion functions and Fourier transformations as possible tools for
determining the average distance between the reference and the
Doppler-shifted fringe in each image of Fig. 3, an autocorrelation-
based technique was chosen for the analysis. The method is based on
obtaining the correlation function of the two-dimensional images.
Figure 4 shows the results of the method for the images in Figs. 3a
and 3b. The correlation coefficient is obtained as follows:

N
Do IPn

where I, is the intensity reading for entry n and N is the total num-
ber of entries as N =rf. The derivative of the correlation function
for each case is shown in Fig. 5 to better identify the location of
individual peaks. Note that each zero crossing reaching from the
positive side of R'(r) correspondsto a peak in Fig. 4. The dominant
fringe spacings in Fig. 3 are identified in Fig. 5. The correlation

R(i) = 3

R(r)

R(r)

b)
Fig. 4

0.0

0.05

Fig. 5 Derivative of the correlation function in Fig. 4.
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Fig.6 Fabry-Perot images obtained in actual flow.

function for each case studied clearly shows a peak around r = 50,
which corresponds to the FSR. In Fig. 4a, because there is no shift
in measured frequency, the only peak is that for the FSR. In case b,
however,asecondpeakis formedatr = 26, which correspondsto the
shift frequency A f. The third peak in Fig. 4b (and the correspond-
ing additional zero crossing in Fig. 5b) observed at a higher value
of r corresponds to a harmonic. In this case, because the harmonic
has a larger r value than that for the FSR, it is easy to discriminate
againstduring the determinationprocess of the shift frequency. Note
that in this case the shift frequency A f is almost half of the FSR,
and therefore, no additional peaks appear in the correlation with r
smaller than that of the FSR. On the other hand, if Af is signifi-
cantly smaller or larger than half the FSR, an additional peak will
appear (smaller than FSR), which will representthe complementary
frequency (FSR — Af). This indicates that, with the present tech-
nique, frequency shifts of only up to one-half of the FRS can be
measured withoutambiguities. This is also true for all spectral tech-
niques (including fast-Fourier-transform-basel methods) that may
be employed for image analysis.

Measurements in Supersonic Jet

Next measurements were carried out in the supersonic jet faci-
lity described earlier. The laser beam and the collectingoptics were
situated such that the Doppler shift was directly proportional to
the streamwise velocity (Fig. 1). Although planar measurements
are possible using the presentinterferometric Rayleigh/Mie scatter-
ing technique as described earlier, the current measurements were
essentially single point to obtain a better assessment of the image-
processing method. A square section of the CCD outputimaging a
1 x 1 mm plane of the actual flow was analyzed. The laser beam
waist was focused to 1-mm diam at the probe. This rendered a
cylindrical probe volume with a diameter and a length of 1 mm,
thus providing a relatively high spatial resolution. Tests were car-
ried out to determine statistically the uncertainty in the measured
streamwise velocity. The uncertainty in time-averaged velocity is
determined to be 20 m/s at 20:1 odds (95% confidence level).

Two representative images, one obtained in the jet and one with
only the referencesignal (correspondingto zero velocity), are shown
in Fig. 6. Each of the images is obtained from a single shot of the
laser. A slight broadening of the scattered signal from the probe is
observed. This is perhaps due to partial molecular scattering along
with a strong particulate scattering. Based on the estimated tempera-
ture of the jetin the measurementlocation, pure molecularscattering
would have resulted in a much broader frequency (on the order of
2.5 GHz), nearly obscuring the FSR. Because particle scattering
(both in the Mie and in the Rayleigh regimes) was expected to dom-
inate, a narrow FSR of 3.75 GHz has been selected to maximize
the measurement resolution. Indeed, surveys of the jets at different
axial and radial locations showed that the scattering was dominated
by particles. Near the jet exit and around the jet centerline, the scat-
tering was predominantly in the Rayleigh mode (the condensation

and subsequent formation of clusters of residual moisture in the
supply air are very small), whereas at larger axial distances and
near the edge of the jet, as the clusters agglomerate forming larger
particles, Mie scattering came to dominate. The type of scattering
was determined by observing the angular variation of the scattered
light intensity from the probe volume. Because the incident laser
light is vertically polarized, Rayleigh scattering maximizes when
observed along the horizontal direction and vanishes along the ver-
tical scatteringdirection. Any residual scattering observedalong the
vertical direction is Mie scattering. In any case, with the exception
of very near the jet exit and far downstream (x /d > 7.5), the scat-
tering was observed to be a combination of Mie and Rayleigh scat-
tering. This makes measurements difficult because large variations
in signal intensity are experienced from one location to the next. In
Fig. 6, therenormalizedr-60 maps of the Fabry-Perotimages are also
shown.

The pseudocorrelations corresponding to the processed images
in Fig. 6 are shown in Fig. 7, and their derivatives are presented in
Fig. 8. The FSR in both cases and the Doppler-shifted frequency
for the case for v =393 m/s are clearly seen as peaks in Fig. 7 and
as zero crossings from positive in Fig. 8. In Fig. 8b, an additional
zero crossing is observed between the velocity peak and the FSR,
which corresponds to the complementary frequency discussed ear-
lier. Indeed, the sum of the correlation distance r of the velocity
and the complementary frequencies makes up for the FSR. In any

R(n)

R(r)

Fig.7 Pseudocorrelation function for Fig. 6.
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Fig. 8 Derivative of the correlation function in Fig. 7.
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Fig. 9 Schlieren photographs of M = 1.6 supersonic jet: a) jet A, Py =5 atm and 7, = 280 K; and b) jet B, Py =3.38 atm and 7, =278 K.
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Fig. 10 Effect of 8 on measured velocity.

case, if the velocity range on the high end is limited to one-half of
the FSR, the present technique provides fairly accurate time- and
space-resolved velocity measurements.

Schlieren photographsof the Mach 1.6 jet under the measurement
conditions are shown in Fig. 9. As is characteristic of a near-ideal
expansion jet, the near field contains a series of shock cells that
diminish in strength with increasing axial direction for both jet A
and jet B. Figure 10 shows the variation of measured mean veloc-
ity with respect to the angle 6 in the Fabry-Perot images. Each
curve (set of data) in Fig. 10 is extracted from a single Fabry-Perot
image obtained at a different measurement location close to the
exit of jet A. Each data point represents the velocity obtained in a
small angle range of A6 =7 /16. For each A6, 10 radial lines are
used, and only the first two sets of interferencerings are considered.
The variation of the streamwise velocity v along the periphery of
the image is relatively small. The average velocity around the pe-
riphery and the corresponding standard deviation are presented in
Fig. 10. The standard deviation o v remains nearly constant, giving
higher percentdeviationsfor smaller velocities(almost 8.5% forv =
287 m/s). As expected, this value is slightly larger than the uncer-
tainty obtained when the whole image is used (20 m/s). In addition
to measurement uncertainty,actual variations of velocity within the
imaged area can also contributeto o v. However, the analyzedimage
area is only 1 mm wide; hence, velocity variations within this field
are not likely to occur. Thus, variations of velocity with angular po-
sition can be attributed solely to the image distortions and analysis
accuracy. Obviously, the analysis of the entire image, rather than
a small section of it, provides an improvement in accuracy. This
additional benefit would not be available for two-dimensional mea-
surements because measurements would have to be made in small
subregions of the image plane. The error bars shown in the Fig. 10
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Fig.11 Radial distribution of streamwise velocity at x/d =4.72, jet A.

represent the pixel resolution uncertainty if only a single radial line
were used at each 0 location. The velocity uncertainty due to pixel
resolution for the first set of interference rings is estimated to be a
minimum of 35.3 m/s (for 6 =0, /2, 37/2, and 27r) and a max-
imum of 49.7 m/s (for 6 =n /4,37 /4, 57 /4, and Tt /4). Already,
within each segment of A@ = /16, using 10 radial lines provides
an improvement in the velocity uncertainty.

Figure 11 shows the transverse distribution of the streamwise ve-
locity normalized by the jet exit velocity v, at x /d =4.72 of jet A.
Here two sets of data are shown, one obtained by using the present
image analysis method and the other using a direct method. In the
direct method, the interferometer is adjusted and a reference im-
age is obtained (separately) immediately before the measurement
for each data point. Each measurementimage is then compared to
its reference by using a peak detection method. This direct method
provides a good standard for comparison, although it is not practi-
cal in actual measurements. The two sets of measurements are in
good agreement. The velocity has a maximum at the centerline and
progressively becomes smaller away from the jet axis, indicating
the presence of a growing shear layer.

The shot-to-shot variation of streamwise velocity obtained in jet
B using the present analysis method is shown in Fig. 12. The time-
frozen velocities obtained at the location x /d =4 and r/d =0.22
are, again, normalized by jet exit velocity v,. The corresponding
mean velocityis representedby the straightline, and the relative rms
ofthe velocityis about7%. Based on the earlieruncertainty analysis,
the contribution of the measurement uncertainty to the velocity rms
at this location is about 3%. Therefore, the estimated turbulence
intensity at this locationis 4%. This level of turbulenceis reasonable
because, at x /d = 4, the flow has crossed several shock cells and is
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Fig. 12 Single-shot measurements of velocity, jet B.
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Fig. 14 Centerline mean streamwise velocity, jet B.

under the influence of the vortex dynamics in the surrounding shear
layer.

The evolution of the normalized streamwise centerline velocity
obtained using the present image analysis technique is shown in
Fig. 13 forjet A and Fig. 14 for jet B. In both jets, the centerline ve-
locity varies periodically with streamwise distance. However, these
velocity fluctuations diminish with increasing x /d. The near field
of the jets contains shock cells (Fig. 9) that serve as convergent-
divergent passages through which the flow accelerates and decel-
erates in an alternating fashion. However, as the shear layer of the
jet grows with entrainmentand the shock structure becomes weaker
with downstream distance, the variation of velocity also becomes
smaller and eventually dies out. The amplitude of the velocity varia-
tions is larger for the underexpandedjet (jet A). To confirm the peri-
odic behavior of the mean centerline velocity, a second set of data is
obtainedin therange 1 < x /d < 3 forjet B, as shownin Fig. 14. This
second set was obtained on a different day but under identical jet
conditions, and the agreementbetween the two sets of datais within
the measurementuncertainty (indicatedin Fig. 14 with an error bar).
Unfortunately, few direct velocity measurements in jet plumes are
availablein the open literature, and thus an independent verification
of the present results is difficult. Chuech et al.,® Lepicovsky et al.,’
and Panda'® made centerline velocity measurementsin the near field
of sonic jets using laser Doppler anemometry (LDA). Chuech et al.®
made measurements in both ideally expanded and slightly underex-
pandedjets, whereasLepicovskyetal.’ reportedtheirjet to be ideally
expanded. The results of these two studies do not show any periodic
variation of velocity with streamwise distance.In contrast, the LDA

measurements of Panda,'® also made in an underexpandedsonic jet,
show periodicity of the centerline Mach number with axial distance.
Similar to the presentresults, the amplitude of the velocity variations
diminish with streamwise distance. It is possible that the scatterers
used in the LDA measurementsin Refs. 8 and 9 may have been too
large to follow the rapid periodic accelerations of the flow in this
regiondue to particleinertia. In fact, the changingover of the scatter-
ing from small particles (Rayleigh regime) to larger Mie scattering
particles with significant inertia may have contributed to the decay
of the periodicvelocity fluctuations with axial distancein the present
study. Similar fluctuationsin static pressure have been observed in
ideally expanded as well as slightly underexpandedjets (measured
and calculated;forexample, see Ref. 11). Recentnoninterferometric
Rayleigh scattering measurements of Panda and Seasholtz'> show
that density also varies periodically in the streamwise direction in
the near field of slightly underexpanded supersonic jets.

Finally, the radial distributionof the streamwise mean velocity for
jet Bis presentedin Fig. 15. The local velocity is normalized by the
centerline velocity v, at each streamwise station. These measure-
ments have been obtained in a small range of x/d in an attempt to
resolve velocity structure within one cell period. Indeed, each radial
profile of the velocity is distinct. Only the profile at x /d = 3.7, cor-
responding to approximately the middle of a shock cell, exhibits a
clear monotonic decay with increasing radial distance.
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Fig. 15 Radial profiles of mean streamwise velocity, jet B.
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Conclusions

The present Fabry-Perot-based Rayleigh scattering method of-
fers improved velocity measurements because it can account for
small drifts, over time, of both the laser frequency and the interfer-
ometer alignment. Both the reference laser line and the Doppler-
shifted signal are simultaneouslyimaged as full sets of rings at each
shot of the laser, enabling time-frozen measurements. For single-
point measurements, the use of the whole imaging field leads to a
further increase in the measurementaccuracy, although this advan-
tage would not be available for two-dimensional time- and space-
resolvedmeasurements. A relatively small FSR was chosento obtain
a high resolution in measured velocity. This was possible because
the scattered signal was predominantly from particulatesrather than
from molecules (in both the Mie and Rayleigh regimes). For tem-
perature measurements, however, the FSR needs to be set at a larger
value, which will reduce the resolution in the measured velocity.
Measurementsin the M = 1.6 supersonic jets show that the center-
line streamwise velocity varies periodically in the axial direction,
but this periodicity diminishes at larger streamwise distances. The
periodic fluctuations of the mean streamwise velocity are caused by
the shock cells in the near field of the jet, which serve as convergent-
divergentpassages through which the flow alternatingly accelerates
and decelerates. The amplitude of the velocity variations in the un-
derexpandedjet is larger than in the overexpandedjet. The velocity
profiles obtained in a single shock cell indicate a complex velocity
structure in the near-field region of the supersonic jet.
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