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Resolution Characteristics of Holographic
Particle Image Velocimetry
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The resolution characteristics of in-line holographic imaging systems for application to velocity field measure-
ment in turbulent and other vortical flows has been investigated experimentally. It is shown that the diameter
of seed particles strongly influences the maximum size of the test volume that can be used as well as the spatial
resolution of the measurement. Velocity measurements in a vortex ring flow using a two-axis holographic
recording system are reported. The spatial resolution of this system is approximately 1 mm.

Introduction

H OLOGRAPHIC imaging of flows seeded with small
particles can be a useful technique for velocity field mea-

surement in turbulent and other vortical flows. Several investi-
gators have reported velocity measurements using holographic
techniques.1'2 Two basic approaches have been proposed. In
most cases in-line doubly exposed holograms of the seeded
flow are obtained. The velocity is determined from the dis-
placement of the particles on the reconstructed images. This
approach is what we call holographic particle image velocime-
try (HPIV) because it is a natural extension of planar particle
image velocimetry.3 A second approach4'5 is to obtain a tempo-
ral sequence of holograms. The velocity is determined by
tracking individual particles as a function of time. The main
advantage of HPIV compared to particle tracking techniques
is that the particle displacement is determined by local analysis
of the reconstructed images which results in reduced image
processing requirements.

Turbulent flow measurement requires a large spatial dy-
namic range. This requirement becomes more severe as the
Reynolds number is increased. A large spatial dynamic range
requires imaging of very small particles in a large test volume.
Research on in-line holographic imaging systems for particle
size measurement has shown a limit to the test volume depth of
50-80 far-field distances.6'7 (The far-field distance is defined
here as d2/\ where d is the diameter of the particle and X the
wavelength of the laser used to record the hologram.) The
depth of field of the reconstructed particle images is of the
order of one far-field distance.8 The depth of field of the
particle image is a good measure of the spatial resolution of the
velocity measurement. It follows that the resolution character-
istics of the holographic imaging system can severely limit the
spatial dynamic range of HPIV.

In this paper we examine experimentally the resolution char-
acteristics of in-line holographic imaging systems. A two-axis
holographic recording system designed for high resolution ve-
locity field measurements is described. Finally, velocity mea-
surements in a vortex ring flow using this HPIV system are
reported.
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Holographic Imaging
The dynamic range requirements of typical HPIV recording

systems dictate that the hologram be positioned at a large
distance from the particles. In this case the light intensity
distribution on the hologram plane is given by Fraunhofer
theory9
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Fig. 1 Calculated intensity distribution on the hologram plane:
a) F = 0.058 and b) F = 0.003.
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Fig. 2 Fringe visibility as a function of the Fraunhofer number. The
solid line corresponds to the exact solution. The broken line is the
asymptotic behavior for F<1.
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Fig. 3 Intensity distribution on the plane of best focus of the recon-
structed image of a 56-^m particle for several hologram recording
locations.

where / is the light intensity at a distance z from the center of
the particle, and

eral distances from particles of two diameters. The recon-
structed particle images from these holograms were analyzed
by measuring the particle intensity distribution at the plane of
best focus. The average image intensity was held constant so
that meaningful comparison between different cases could be
conducted. The results are shown in Figs. 3 and 4 for particles
of 56- and 15-^m diameters, respectively. As expected, at the
same hologram distance the 56-/mi particles are more sharply
defined than the 15-jLim particles. As the hologram distance is
increased, the contrast decreases until the particles can no
longer be identified. As discussed earlier, the sharpness of the
reconstructed particle images is expected to correlate with the
Fraunhofer number. To verify this hypothesis the same data
are plotted in Fig. 5 for Fraunhofer numbers F = 0.0058 and
0.0030. The results in Fig. 5a at F = 0.0058 show good collapse
of the data which validates the hypothesis. The results at
F-0.0030 in Fig. 5b show some discrepancy between the two
intensity profiles. It should be noted that at this Fraunhofer
number the holograms of the 56-/mi particles were obtained at
a distance of over 2 m. This very large distance exceeded the
capability of our hologram analysis system. A different recon-
struction system was required in this case, which may have
contributed to the differences in intensity distribution. At
F-0.0030 the images of the 15-jLtm particles show good con-
trast. Based on these measurements we conclude that adequate
particle images for HPIV are obtained for F> 0.003 for mod-
erate hologram distances (up to 1 m) which corresponds to a
hologram distance of 333 far-field lengths. This is much larger
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is the radial distance measured from the optical axis. Typical
intensity distributions on the hologram plane calculated from
this equation are plotted in Fig. 1. Figure la is for a Fraun-
hofer number F = d2/\z= 0.058 and Fig. Ib for F = 0.003.
These values correspond to typical particle size and hologram
positions used in the experiments. In these plots the radial
distance r is normalized by the radius of the particle a. The
high Fraunhofer number case shows a more complicated inten-
sity pattern than the low Fraunhofer number case. In both
cases the spatial frequency is not high and can be easily re-
solved by standard holographic plates. The amplitude of the
oscillation is very small. As the Fraunhofer number is de-
creased the visibility of the fringes is reduced. This effect is
illustrated in Fig. 2 where the visibility parameter V = 7max - 7min
is plotted as a function of the Fraunhofer number. Here, 7max
and /min are the maximum and minimum values, respectively,
of the intensity distribution. For small values of the Fraun-
hofer number, F approaches the asymptotic behavior F = ?rF
shown as a dotted straight line in Fig. 2. The significance of
this result is that for a fixed hologram distance, smaller parti-
cles produce a weaker fringe pattern or, conversely, for a fixed
particle size a greater hologram distance produces a weaker
fringe pattern. When the fringe visibility is comparable to the
noise level of the reference beam, it will not be possible to
differentiate the reconstructed particle image from the back-
ground noise.

To document this effect in more detail, a one-axis in-line
holographic recording system identical to the one used in the
velocity measurements was set up to obtain holograms at sev-

Fig. 4 Intensity distribution on the plane of best focus of the recon-
structed image of a 15-/*m particle for several hologram recording
locations.
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Fig. 5 Intensity distribution on the plane of best focus as a function
of Fraunhofer number: a) F = 0.0058 and b) F = 0.003; • 15-pm
particle, D 56-/*m particle.
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than the values reported for particle size measurements.6'7
These results are not inconsistent since the images of the parti-
cles used for HPIV need not be as sharply defined as for size
measurement.

Another important feature of in-line holographic imaging is
the depth of field of the reconstructed particle images. The
depth of field was determined by measurements of the screen
intensity distribution on the reconstructed image of a 44-/zm
particle. The intensity distributions were obtained for various
distances z, from the location of best focus. The results are
presented in Fig. 6. Figure 6a is the screen intensity distribu-
tion as a function of normalized radial distance. Figure 6b is
the screen intensity distribution as a function of axial distance
to best focus. Note the different length scales of the two plots.
The characteristic length scale in the radial direction is the
particle radius, and the characteristic length scale in the axial
direction is the far-field distance d2/\. A measure of the depth
of field of the particle image is the distance along the particle
axis (i.e., r = 0) between points where the intensity level above
background has dropped by 50% compared to the maximum
value. These locations are indicated by the broken lines in Fig.
6b which are spaced a distance A = 4 in the horizontal direc-
tion. Based on these results the depth of field of the particles
is found to be ±2d2/\. This is twice the value proposed by
Forbes and Kuehn.8

Two-Axis Holographic Particle Image Velocity
Recording System

The depth of field of the particle image limits the spatial
resolution of the velocity measurement because it determines
the distance between particles before they overlap. The depth
of field also limits the accuracy of the displacement measure-
ment in the direction of the optical axis. This second effect can
be eliminated by using two orthogonal recording systems. To
demonstrate this approach, a two-axis in-line holographic
recording system was designed and tested in a vortex ring flow
field. A schematic diagram of the hologram recording system
is shown in Fig. 7. This system uses a copper vapor laser for the
light source. A dichroic color separator is used to split the
yellow and green lines, one for each optical axis. Two similar
optical systems are used to produce collimated beams of 150
mm diameter intersecting on the test area orthogonal to each
other. The collimating optics of each beam incorporates a
100-/xm spatial filter to improve the spatial coherence of the
beam. Commercial holographic plates (100x125 mm) were
used to record the holograms. They were positioned normal to

Mirror
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Fig. 7 Schematic diagram of the two-axis in-line holographic record-
ing system.

Fig. 8 Velocity vector plot of the measured velocity field in a vortex
ring.
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Fig. 6 Intensity distribution for a 44-^m particle as a function of
a) radial location and b) axial location.

the incoming collimated beams at approximately 200 mm from
the center of the test area.

The vortex ring flow was produced in air using a loud-
speaker covered by a thin steel plate having a 51-mm-circular
aperture. The flow was lightly seeded with glass microballoons
having a specific gravity of 0.15 and a typical diameter of
15-20 jLtm. To insure that seeding particles were present in the
vortical flow, the vortex ring generator was covered and a
signal applied to the loudspeaker to mix the seed particles. The
flow inside the generator was allowed to decay before firing
the vortex ring. As the ring propagated upward through the
test area, the copper vapor laser was triggered with a pulse
sequence consisting of two pulses followed by three pulses.
This allowed the determination of the velocity magnitude
and direction from the holograms. The entire firing sequence
was automated to obtain consistent operation of the system.

The holograms were analyzed manually using a digital im-
age analysis system. A 5X microscope objective was used to
interrogate a small region of the flow. The velocity of the
particles was determined by measuring the displacement on
these images with a cursor. One hologram was automatically
scanned in 5-mm intervals over a region one-fourth of the
entire vortex ring. The displacement information on that holo-
gram (two components) was recorded. This information was
then used to scan the second hologram to determine the re-
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maining third component of the displacement. There is redun-
dancy in the system so that one component of the displacement
can be measured on both holograms. This information was
used to verify that at every point the same particle pair was
used to determine the velocity. It should be emphasized that in
this system the velocity resolution is determined by the dis-
placement of the particle between light pulses which is of the
order of a few hundred microns, much smaller than the depth
of field of the particle image. Based on these results it is esti-
mated that a spatial resolution of 1 mm can be obtained with
this system.

A vector plot of the velocity field in the vortex ring is shown
in Fig. 8. Because of the low seed concentration used, the
velocity was measured in approximately 500 points. No at-
tempt was made to seed the fluid outside the vortex generator.
Also, the particles migrate away from the vortex core because
of their large density, consequently, velocity measurements
were not possible there. The circulation of the vortex ring
estimated using these measurements is F = 420 crnVs.

Conclusions
The resolution characteristics of in-line holographic imaging

systems were studied. A two-axis in-line holographic recording
system was used to measure the velocity field in a vortex ring
flow. The main conclusions of this study are as follows.

The maximum test volume depth was determined experi-
mentally and found to be approximately 300 far-field lengths,
d2/\.

The spatial resolution of the measurement is determined by
the depth of field of the particle images which was found to be
±2d2/\.

A two-axis holographic recording system was demonstrated
with velocity field measurements in a vortex ring flow. The
spatial resolution of this system is of the order of 1 mm.
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