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ABSTRACT

This paper aims to quantify the Particle Image Velocimetry (PIV) measurement accuracy improvement along the phase
boundaries of two-phase flows, due to the use of phase-separated PIV analysis, compared to conventional PIV analysis
without separating the phases. To compute the true error produced by the PIV analysis, a patchwork of synthetic
image pair with a known displacement is used as ground truth. As real flows might have arbitrary flow direction and
magnitude across the phase boundary, the patchwork of image-pair includes a variety of direction combinations, i.e.
flows running into each other or away from one another, shear flow, sink flow, flow towards a wall and flow away
from a wall, flow running into a stagnant phase, flows with perpendicular directions, and flows that are 45° to each
other. The relative error distribution along the boundaries reveals that the relative error level depends on the flow
direction on each side of the boundary. Results indicate that using phase-separated PIV analysis can bring the

measurement error level from ~200% down to ~5% along the boundaries.

1. Introduction

Cross-correlation based Particle Image Velocimetry (PIV) measurement accuracy is lower along
the phase boundaries of two-phase flows because the interrogation windows contain information
from both phases. Different seeding density, background intensity, velocity magnitude and flow
direction conditions often exist across the boundary (Fig. 1), and the PIV algorithm selects only
the highest correlation peak. The highest correlation peak is either influenced by the wrong phase
across the boundary, or the correctly calculated displacement is erroneously detected as an outlier
at a later stage and is subsequently replaced. Phase-separated PIV measurements minimize this
problem and increase accuracy along the boundary by treating each phase separately. This type of
measurement requires for each time step; (i) accurate detection of the phase boundary in
consecutive frames, (ii) generation of dynamic phase masks, (iii) an accurate PIV evaluation of

each phase and (iv) recombination of the flow fields. [1]
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Fig. 1: (a) Different seeding conditions observed across the reaction zone in a combustion
experiment. (b) Different flow conditions observed in the mixed-phase PIV results around a

mushroom pattern in a magnetic micromixer. From Ref. [1].

A significant number of articles have been published in the literature taking advantage of the
phase-separated PIV measurements [1]-[15] with the same goal; to improve the measurement
accuracy along the dynamic phase boundaries. However, to the author’s knowledge, none of these
articles attempted to quantify the accuracy improvement, as this requires a known velocity field
input on both sides of the interface. Because flow direction, flow speed, seeding and illumination
conditions across the interface are random during an experiment, quantification of accuracy
improvement is challenging simply using experimental data. For this reason, we use synthetic

images for the quantification of the PIV accuracy improvement in two-phase flows.

Fig. 2: (a) Phase-separated PIV measurements in a magnetic micromixer where colors indicate
vorticity. (b) Magnitude of velocity difference between PIV results with and without phase
separation shown with the phase boundary. From Ref. [15].

2. Method
It is clear from Ref. [1] that the phase-separated PIV measurements make a difference in the

calculated velocity results along the boundary (Fig. 2). To call these differences actual accuracy
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improvements, a synthetic image pair with known displacement field must be used. In this section,
we make a quantitative estimate of accuracy improvement as a result of phase separated PIV
measurements using a 3-step procedure: First, a patchwork synthetic image with different flow
directions and seeding densities is generated. Second, PIV analysis with and without phase
separation is performed, and third, errors produced for each case with respect to the known

displacement fields are compared.

Fig. 3: (a) Possible flow and seeding scenarios across the boundary. (b) Synthetic image used for
improvement estimation featuring different flow direction and seeding density configurations

across phase boundaries (inverted).

The benefit of working with a patchwork image is to have a controlled input for the possible flow
configurations across the boundary (Fig 3a). In this figure, several flow possibilities that can exist
across a phase boundary are represented: These are; flows running into each other or away from
one another (left column), shear flow (middle row, left 2 squares), sink flow (4 adjacent squares in
lower right corner), flow towards a wall (top, right square) and flow away from a wall (top row
2nd square on the left), flow running into a stagnant phase (middle row 2nd square on the left),
flows with perpendicular directions, and flows that are 45deg to each other. The patchwork image
(Fig. 3b) is produced by stitching 256x256 pixel sub-images with different seeding densities. The
seeding density of the densely seeded patches (0.042 particles/pixel) are three times that of the
sparsely seeded patches (0.014 particles/pixel). On each square patch, two different known
displacements are imposed: 5 pixels and 10 pixels, the latter value being typical for conventional

planar PIV experiments.

3. Results

The PIV analysis is performed on individual sections and on the entire mixed-phase synthetic

image pair using identical settings: 32x32 pixel interrogation windows, 75% overlap, no window
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or filter functions, universal outlier detection with a minimum normalization level of 0.1 and an

acceptance limit of 2.0. The phase separated PIV measurements produce a displacement field very

close to the input displacement field (Fig. 4a) and therefore not shown in a separate figure.
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Fig. 4: (a) Velocity distribution of the known 5-pixel displacement field. (Ground truth)

Distribution is similar to this with phase separation. (b) Velocity distribution of the same without

phase separation (mixed-phase PIV). Every second vector is displayed.

The performance of each PIV result (with and without phase separation) can be compared by

computing the deviation from the known displacement field (ground truth). The relative error is

defined as the ratio of the deviation from the known displacement, and the magnitude of the
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known displacement. The spatial distribution of the relative error for the 5-pixel displacement is

given in (Fig. 5):

Fig. 5: Relative error distribution [in %] with respect to the known (5-pixel) displacement field. (a)

With phase separation. (b) Without phase separation. The error range on the left is 10 times smaller

than the one on the right.
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As expected, the errors are located along the phase boundaries both for the phase-separated (Fig.
5a) and for the mixed-phase (Fig. 5b) PIV analysis. For the 5-pixel displacement case, while the
relative error along the phase boundaries can be as high as ~200% for the mixed phase analysis, it
is on the order of 1-5% using phase separation. The ~200% error is only observed along the
boundary for the shear flow region (between the left 2 squares in the middle row) and is consistent
with the expectations: In the shear flow region, the densely seeded flow on the left going upwards
dominates and overrides the sparsely seeded flow on the right going downwards. The result is a
velocity estimate with equal magnitude but opposite direction (~200% error). Similarly, ~100%
error is observed around the square without seeding, which represents a bubble (Fig. 5b brown
patch on the top row). On the other hand, the 1-5% relative error level observed along the phase
boundaries for the case with phase separation can be explained by in-plane loss-of-pairs [16]. Far
away from the boundaries, the relative error is < 1%. This is also expected because the accuracy of
this PIV algorithm is reported as 0.055 pixels [17]. The general findings are quite similar for the 10-

pixel displacement case.

:5-pixel conventional o | 10-pixel conventional PIV
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Fig. 6 Relative error histograms with respect to the ground truth. Left: 5-pixel displacement.
Right: 10-pixel displacement. Top: Without phase separation. Bottom: With phase separation.
Dashed red lines mark the 5%, 100% and 200% error values.

The impact of phase separated PIV analysis is more apparent when the relative error histograms
of phase separated and mixed-phase PIV results are compared (Fig. 6). In this figure, the error
histograms on the top belong to results without phase separation and the histograms on the
bottom are the error produced with phase separation. The error histograms on the left are
produced with 5-pixel displacement, and the ones on the right are produced with 10-pixel
displacement. The vertical range in the histograms are all set to 0-1% of the count in order to focus
on the details for the vectors close to the phase boundaries. (Counts >1% are not shown in Fig. 6
for clarity). The horizontal ranges in histograms are all set to a common value to make a direct

visual comparison on the error reduction.
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4. Conclusions

Quantification of accuracy improvement using phase-separated PIV analysis is presented. It was
always suggested that phase-separated PIV analysis should improve PIV accuracy along phase
boundaries. With the results presented in this work, we can see that in certain scenarios, phase
separated PIV measurements can bring the relative error level from ~200% down to ~5% along
phase boundaries, which is a significant improvement. It was also observed that the error
magnitude strongly depends on the flow direction on each side of the boundary. For example, the
~200% error is only seen with the shear flow case. In real experiments, it is also expected that very
thin boundary layers are present along the phase boundaries, where sharp velocity gradients exist.
In these regions, the ~5% error levels along the phase boundaries can be further improved using
interrogation window masking [18], [19]; vector replacement techniques [20] or ultimately by

using Particle Tracking Velocimetry [21].
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