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Abstract

This paper presents an advanced inline 4-dimensional (3D-3C) digital holographic PIV/PTV
technique, which not only contains conventional direct reconstruction approach, but also
incorporates advanced digital filtering to remove the virtual image effect, 3-dimensional volume
deconvolution to reduce the depth-of-focus problem and the virtual image, an efficient one-pass 3-
dimensional clustering algorithm coupled with a new predictive inverse reconstruction approach
based on previous work in this area, to increase the particle reconstruction dynamic range and 3-
dimensional reconstruction domain. The method is then verified by measuring the velocity profile
in a laminar micro-channel flow and the result is compared to analytical solution.

1 Introduction

Wall-bounded turbulent flows are inherently three-dimensional (3D) in nature containing a broad
range of flow structures, turbulent length scales and dynamic range. All these features necessitate a
measurement technique which is able to quantify and investigate these flows by measuring the
instantaneous three-component three- dimensional (3C-3D) velocity vector with high spatial and
temporal resolution. Over the last few decades, a number of techniques such as Tomographic PIV
(TPIV), synthetic aperture PIV (SAPIV), light-field PIV (LFPIV) etc. have shown great promises to
yield three-dimensional information of turbulent flow field, however, these techniques are still
inadequate for the investigation of wall-bounded turbulent flows due to their limited spatial and
temporal resolution or their limited access to the measurement area.

3D photogrammetry Malik et al. (1993b,a); Sato et al. (1994) coupled with cross-correlation PIV
analysis also known as Tomographic PIV (TPIV) Ciofalo et al. (2003); Elsinga et al. (2006); Atkinson
and Soria (2009) is one of the techniques which can provide 3C-3D velocity fields of unsteady
and/or turbulent flows, however, it suffers from severe limitations in spatial resolution Atkinson et
al. (2011).

A recently developed alternative, instead of recording the three-dimensional position of tracer
particles through the multiple view geometry of TPIV, uses light-field imaging to record the particle
light-field image via a single plenoptic camera Adelson and Wang (1992) which consists of a closely
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encapsulated micro-lens array (MLA) and a CCD/CMOS sensor. When coupled with cross-
correlation PIV analysis it yields 3C-3D velocimetry technique, referred to as light-field PIV (LFPIV)
Fahringer et al. (2015); Shi etal. (2017, 2018). LFPIV has compact hardware setup similar as 2D-PIV
and eliminates the cumbersome camera spatial calibration process, which is essential and a major
source of error in TPIV. Although LFPIV is capable of measuring full volumetric 3C-3D velocity
fields, the pixel-to-microlens ratio (PMR) is the key factor that limits the performance of LFPIV.

In the early days film-based holographic PIV (HPIV) showed great promise [Barnhart et al. (1994);
Hussain et al. (1993); Lozano et al. (1999); Ellenrieder et al. (2001)], however, the physical or
chemical processing of recording materials made its implementation complicated and limited its
success in developing into a standard laboratory tool. More recently, digital holographic recording
and reconstruction Coe'tmellec et al. (2001); Murata and Yasuda (2000); Pan and Meng (2003); von
Ellenrieder and Soria (2003); Lobera et al. (2004); Palero et al. (2007) coupled with cross-
correlation PIV analysis (DHPIV) has shown promise as a 3C-3D velocity field measurement tool,
but it too has its shortcoming, such as extended depth-of-focus (DOF) problem where elongation of
the tracer particles in depth direction causes poor longitudinal resolution, the virtual image effect,
limitation on seeding density which in turn limits the spatial resolution of velocity field, human
interventions in different stages of postprocessing, etc.

This present study involves a novel in-line 4D-DHPIV/PTV methodology which in addition to
including the standard digital hologram reconstruction, incorporates advanced automatic digital
filtering to reduce human interventions, 3-dimensional volume deconvolution to reduce the depth-
of-focus problem and the virtual image effect, an efficient one-pass 3-dimensional clustering
algorithm coupled with a new predictive inverse reconstruction approach based on previous work
in this area, to increase the particle reconstruction dynamic range and 3-dimensional reconstruction
domain. The methodology will be experimentally tested against the theoretical velocity profile in a
laminar micro-channel flow.

2 Digital Holographic PIV - Direct Reconstruction

By digital hologram recording and reconstruction, DHPIV can produce a three-dimensional particle
intensity field from a single image produced by one single camera, without the complex optical
arrangement and calibration process, which is essential in some 3D fluid flow measurement
methods like TPIV. Thus, two sequentially recorded 3D intensity fields of all particles can
subsequently be analysed using 3D cross-correlation analysis as is done in TPIV or a hybrid cross-
correlation PIV - PTV approach can also be used Soria et al. (2014) to enhance the spatial resolution
to the particle size level.

This paper primarily concerns with the in-line configuration of holography, but the same method is
applicable to other configurations with some modification. In the in-line configuration, a collimated
planer laser beam with sufficient diameter to cover the measurement volume is used to illuminate
micron or sub-micro sized tracer particles. The unobstructed laser beam acts as the reference beam,
which interference with the scattered light from particles to produce a fringe pattern, and the
intensity of the pattern is recorded by camera sensor to form a digital hologram.

The digital reconstruction process models how the hologram is reconstructed optically. The
hologram intensity distribution recorded on the electronic sensor, which is identified by the
Cartesian coordinate system (X, y, z = 0), is multiplied by the reference (or its conjugate) wave and
the resulting wave IH(x;y;0) is numerically propagated to the virtual (or real) image plane. The
complex amplitude distribution U(x0;y0; z) in any plane, which is a distance z normal from the
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hologram position, i.e. from the electronic sensor plane, can be calculated from [H(x;y;0) using the
Rayleigh-Sommerfeld diffraction formula Goodman (1996),

U(x0,Y0;2) = i S5 In(xy 'O)iz)l(p(ikr‘”)) cos(7, Toy) dxdy (1)

In this equation, A and k = 27” is the wavelength and wavenumber respectively of the illumination

used during the recording of the digital hologram. ry; = /(xo — x)% + (yo — ¥)? + z in the equation
represents the distance from a point on the hologram (x,y,0) to any points in the reconstruction
image (x0,y0,z) which is located distance z away from the hologram. The obliquity factor, cos(7, 7o),
can be approximated by 1 in most cases, as the distance between the reconstruction image and
hologram is typically bigger than the camera array size. Thus, the above equation can be written
into a convolution form,

U(xp,Y0; 2) = Iy(x,y,0) ®h(x¢,¥0,2; X, ¥) (2)

Where h is wave propagation kernel and ® represents the convolution operator. The above
equation is easier calculated in the Fourier space, as the convolution can be calculated by
multiplication in Fourier space, thus the reconstruction image can be numerically propagated as

U(x0,¥0;2) = F1 (T(IH(x' Y, 0)) X H(fx'fy'z)) (3)

Here, () represents the Fourier transform, and H(fx, fy z) , the propagation kernel in Fourier
space can be calculated from:

W5 fy7) = o T 57257) @

Using direct reconstruction, although the particles can be reconstructed from hologram, there is big
uncertainty in the z location of the particle, as the particle is greatly elongated. A sample
reconstruction of a particle is shown in the following figure:

y (mm)

z (mm)

Figure 1: Digital hologram reconstruction of a 90 pm diameter particle recorded using in-line
digital holography. The central plane at z = 49.7 mm is shown as a grey sheet and the green lines
correspond to the locations of the other reconstruction planes von Ellenrieder and Soria (2003).
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The above figure shows that the 90 um diameter particle appears to have a major diameter of
15.2mm, which is highly unphysical and adversely affect the accuracy of the centroid of the particle.
One way to solve this depth-of-field problem is utilising more advanced reconstruction method, as
discussed below.

3 Digital Holographic PIV - Advanced Reconstruction Approach

A number of steps are used in the advanced reconstruction approach to improve the accuracy of the
particle location in the volume as a basis of PIV analysis. The first additional process is to apply a
three-dimensional (3D) deconvolution step introduced by Latychevskaia et al. (2010) using a point-
spread function (PSF) to the direct hologram reconstruction, which reconstruct the true 3D
amplitude distribution of objects. The deconvolution not only greatly reduces the depth of focus, but
also removes the virtual image, as they are both present in the point spread function. The point
spread function of the system can be determined both experimentally and analytically.
Experimentally, the hologram produced by a single particle can be propagated to each z location in
direct reconstruction, then use that as point spread function. Otherwise, the particle can be
modelled as an aperture in x-y plane, and the image of the aperture is propagated to both positive
and negative positions to yield a point spread function. Once the point spread function is obtained,
the deconvolved volume can be calculated by:

(5)

Ureal(xo, YQ;Z) =F1 (M)

F(Upsr(xy.2))

where Ugeal(Xo, yo; z) is the 3D-deconvolved complex amplitude distribution and Upsg(x, y; z) is the
3D point-spread function. In order to avoid dividing by zero, a small number can be added to the
point spread function. Also, a filter in Fourier space can be applied after division to remove high
frequency noise.
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Figure 2: (a) Typical 3D direct hologram reconstruction of particles, (b) point-spread function, (c) 3D-
deconvolved reconstruction of particles, showing vast improvement in particle position.

The deconvolved volume then undergoes a segmentation process via an efficient one-pass 3-
dimensional Hoshen Kopelman (HK) clustering algorithm Hoshen and Kopelman (1976). An optimal
threshold can be selected by analyzing the number of clusters found for each threshold, then the
rough positions of the particles are extracted from the deconvolved volume by clustering. The rough
particle positions from this step then undergoes an inverse reconstruction and particle removal
process, as by Soulez et al. (2007) to further improve the location of the particles, as well as detect
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particles which are either in the shadow of particles, are weak scatters, or are in fact outside the
projected area of the sensor.

Once a sequential pair of 3D holograms has been reconstructed, these can be analyzed using 3D
cross- correlation analysis or a hybrid cross-correlation PIV - PTV at the particle spatial resolution
level Soria et al. (2014) to reveal the 3C-3D fluid velocity field. Furthermore, since a time series of
digital holograms is avail- able in this 4D-DHPIV/PTV methodology, then once 3-4 3C-3D velocity
fields are available, quite accurate predictive positions of the particle locations can be used to
accelerate the inverse hologram reconstruction step

4 Application of Digital Holographic PIV to Micro-Channel Flow

In order to test the DHPIV in real life situation, the method is used to measure a laminar flow in a
micro channel. The experiment set up is as the following figure.
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Figure 3: The experimental set up to measure the micro-channel flow

Spatial filter

The illumination source used was a continuous solid-state laser with wavelength 532nm and power
500mW. After neutral density filters, the laser beam was spatially filtered to produce a clean
Gaussian profile. The clean beam was then collimated to achieve plane reference wave which
illuminated a single channel of a multi-channel glass microfluidic chip (Micronit flow cell). The
channel used for this study was 50um high, 1.5mm wide and 40mm long. Polystyrene microsphere
(Polysciences Inc.) of nominal diameter of 1 um was used to seed the flow and an off-chip syringe
pump (KD Scientific) was employed to provide the continuous laminar flow in the microchannel.
The lens used was an infinitely-corrected microscope lens with numerical aperture of 0.2, working
at magnification of 9.07x. The camera (ILA.PIV.sCMOS) sensor resolution used for the recording of
holograms was 2560 x 2160 with physical pixel size of 6.5um, the effective pixel size after magnified
by the microscope lens is 0.71um. The holograms were taken at a frame rate of 15 fps.

As the width of the microchannel is 30 times of its height, the flow in the micro-channel can be

modelled as a planar channel flow, thus the velocity profile across height direction can be
analytically calculated by plane Poiseuille flow solution, which is given by J. Anderson Jr (2010):

u(y) =5 xyx (h=) (6)

Where G is the pressure gradient in the channel and can be calculated from the volume flow rate per
unit width in the channel.
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Gh3
Q= o (7)
Thus, the velocity profile of streamwise velocity in channel height direction can be plotted and compared

to analytical solution, as below:
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Figure 4: The streamwise velocity profile across the height of the channel. Dots: measurement from
DHPIV. Line: analytical solution

The average difference between the analytical and measured velocity across the channel height is -
2.9% of the maximum velocity in the channel, which means on average the measured flow is slower
than the analytical solution. The RMS error between the measured and analytical solution is,
however, over 10 % of maximum velocity in the channel, which suggest the reconstruction
techniques still need improvement. Also, from the above figure, the difference between the
measured and real velocity increases as z increases, suggesting the particles are not completely
removed in the particle removal process, thus the residual from improperly deleted particles in the
front interfered with the inverse process of the particles further away and produced poor
reconstruction.

5 Conclusion

This paper describes the details of direct digital hologram reconstruction and discusses some of its
shortcomings. An in-line 4-dimensional (i.e. time-resolved 3C-3D) digital holographic PIV/PTV (4D-
DHPIV/PTV) method is presented which overcomes these shortcomings. This 4D-DHPIV/PTV
method, in addition to including the standard digital hologram reconstruction, incorporates 3-
dimensional volume deconvolution to reduce the depth-of-focus problem and the virtual image, an
efficient one-pass 3-dimensional HK clustering algorithm coupled with a novel predictive inverse
reconstruction approach and particle deletion, based on previous work in this area.

The DHPIV technique is also verified in experiment by measuring laminar channel flow. The
experiment reveals this velocity profile measured has a 3% of maximum velocity bias error and
10% of maximum velocity RMS error compared to the analytical solution.
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