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Multi-Plane PIV using Depth of Field for In-cylinder Flow Measurements
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Abstract

Extending the planar Particle Image Velocimetry (PIV) technique to
enable measurements on multiple planes simultaneously allows for
some of the 3 dimensional nature of unsteady flow fields to be
investigated. This requires less hardware and retains the typically
higher spatial resolution of planar PV compared to fully 3-
dimensional PIV techniques. Performing multi-plane PI1V
measurements requires the light scattered from the different
measurement planes to be distinguishable. This may be achieved by
using different laser wavelengths which adds significantly to the
expense and complexity of the system, by using different light sheet
polarisations which is challenging for engine measurements through
windows due to stress-induced birefringence, or by making
alternating measurements of each plane which sacrifices the
simultaneity of the flow measurement across multiple planes. In this
work, simultaneous PIV measurements on two parallel offset planes
are performed by modifying a standard two-dimensional two-
component (2D2C) PIV system consisting of a single high-speed
camera and a dual-cavity PIV laser. Image splitting optics with a
variable optical path length were used to image two measurement
planes onto the single camera sensor. The degree of defocus of the
droplet images arising from the narrow depth of field was used to
distinguish between the measurement planes. The robustness of the
degree of defocus method for plane discrimination was evaluated
using both representative test targets and experimentally obtained
PIV images of the in-cylinder flow field of a spark ignition internal
combustion engine (ICE). This depth of field based method enables
simultaneous multi-plane PIV measurements of in-cylinder flows to
be performed with only minor alterations to a standard 2D2C PIV
system using off-the-shelf optics.

Introduction

Motivation for Multi-plane PIV measurements

Time-resolved volumetric velocity measurement techniques such as
tomographic PIV [1], [2] or particle tracking velocimetry [3] enable
investigation of unsteady 3-dimensional flows in practical
thermofluid systems. However, acquiring volumetric information
requires compromise to minimize overlapping particle images and
enable accurate reconstruction of the volumetric spatial information.
Typical approaches include using lower seeding densities (leading to
lower spatial resolution) than equivalent planar techniques and
restriction of the illuminated volume to a thick sheet (common
width/height-to-depth aspect ratios are around 4:1) [4], [5]. The 3D
reconstruction process for tomographic PIV using limited views can
also lead to increased errors in derived flow parameters compared to
planar techniques [4].

For simultaneous measurement of velocity fields on two or more
offset planes within a flow, in some cases planar techniques can be
preferable to volumetric techniques, particularly if the offset between
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the planes is large or high spatial resolution within the planes is
required. In order to perform two or more simultaneous planar
measurements, light originating from each plane must be
distinguishable.

Plane discrimination in Dual/Multi-plane PIV

Dual-plane PIV typically refers to extracting local 3D properties of
the flow (e.g. vorticity) from two closely spaced planes [6], although
it has also been used to refer to performing two PIV measurements on
well-separated planes [7]. For clarity, this work uses “multi-plane
PIV” to describe performing PIV measurements on two or more
distinct planes with the aim of characterising large scale or spatially
separated flow features.

Discriminating the scattered light originating from each of the two
planes of dual-plane PIV may be achieved via polarization [8],
wavelength [9] or temporal separation [7], and the concepts may be
applied to multi-plane PIV with larger plane separations and also
combined to increase the number of measurement planes [10], [11].

Polarization based dual-plane PIV cannot be trivially extended to
more than two planes and is challenging to apply to enclosed flows
with birefringent windows. Use of multiple laser wavelengths can
conceptually scale to simultaneous measurements on many offset
planes, at the expense of additional laser systems or wavelength-
shifting optics. Alternating PV measurements on each plane at
different times prevents cross-talk from the out-of-focus plane and
the concept can be extended to more than two planes by sequentially
scanning the laser sheet across multiple depths [12]. However, this
technique can only make quasi-simultaneous measurements if the
flow behaviour is 'slow' on the timescale of scanning or if sequential
measurements on a given plane are interpolated in time.

In this work, novel simultaneous multi-plane PV measurements are
performed within the enclosed flow of an optically accessible internal
combustion engine using the degree of defocus in the droplet images
to discriminate between the two measurement planes. This technique
enables multi-plane PIV to be performed with a standard 2D2C
single-camera PIV system via the addition of image splitting optics.
The approach does not suffer from stress-induced birefringence of the
optical access windows and has the potential to be combined with
existing methods for plane separation (e.g. wavelength) to further
increase the number of available measurement planes.

Depth from defocus in microscopy

The encoding of depth information in the characteristics of defocused
images has been extensively studied in microscopic particle image
velocimetry (LPIV).

In puPIV, the thickness of the measurement volume is often defined
by the depth resolution of the imaging system, rather than the



thickness of the light sheet, due to the difficulty in selectively
illuminating sub-mm structures (e.g. in microfluidic devices) with a
light sheet. Various methods have been developed to quantify the
characteristics of images arising from particles at different depths to
improve spatial resolution and to enable volumetric measurements.

Numerical approaches either leverage the depth-dependence of the
size of blurred particle images i.e. “depth from defocus” [13], [14], or
compare characteristics of the defocused particle images to calibrated
images at known depths as implemented in General Defocusing
Particle Tracking (GDPT) [15], [16].

Optical approaches involve adding optical elements to the imaging
system. Addition of a multi-aperture mask within the imaging system
creates multiple copies of each particle image on the camera sensor,
with the spacing of the duplicated images varying as a function of the
particle’s depth within the measurement region [17]-[20]. This relies
on identification of individual particle images at much lower
particles-per-pixel seeding densities than typical macroscopic PIV.
Adding a cylindrical lens or modifying existing optics to introduce
astigmatism causes a depth-dependent variation in the shape of the
particle images [21], [22]. A distorted diffraction grating may be
designed to give a different focusing power for different diffraction
orders, altering the effective power of the imaging system to form
images from different depths at laterally displaced positions on the
camera sensor [23], [24].

In multifocal plane microscopy, the imaging path is split into arms
with differing optical path lengths after the objective lens in order to
form in-focus images from different depths within the sample for
each path [25], [26]. Practical extensions to this technique include the
use of a Z-splitter prism to image multiple planes of differing depths
simultaneously onto a single camera sensor [27].

The optical arrangement for depth-of-field-based plane
discrimination proposed in this work is a macroscopic extension of
this Z-splitter prism technique. Scattered light from the measurement
planes is imaged via two optical paths of different length onto a
single camera sensor. The remaining challenge is then to accurately
calculate PIV vector fields from images which contain both in-focus
desired particle images and out-of-focus undesired particle images.

Multi-plane PI1V plane discrimination via depth of field

In pPIV, the “depth of correlation” is used to quantify the range of
depths over which pPIV tracer particles contribute to the cross-
correlation and therefore the derived vector field. This parameter may
be calculated by considering geometric optics, diffraction and particle
size [5], however experimentally measured values are in some cases
larger by an order of magnitude which may be accounted for by
application of correction factors [28].

The larger scales involved in multi-plane P1V permit selective
illumination of only the two (or more) planes of interest, instead of
the effectively volume-illumination common in uPIV. This means
that for macroscopic multi-plane P1V there are only discrete classes
of out-of-focus droplet images to consider, rather than a continuous
range of defocused image characteristics. This simplifies the analysis
as the depth information of the two planes is known, only requiring
discrimination of signals from each plane for which detailed
numerical methods such as GDPT are not required.

Using a standard imaging arrangement forms one image of the
measurement region on the camera sensor, with contributions from
all illuminated planes at once. These contributions may be
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discriminated by a numerical segmentation algorithm to classify each
particle image based on the size and intensity of the defocused
images, a procedure that becomes challenging at high seeding
densities [29].

In this work, image splitting optics with a variable optical path length
allow a single camera to image two parallel offset planes with each
plane in focus in only one of the two copies of the image on the
camera sensor. Images from the out-of-focus plane are blurred and
spread their intensity over a greater number of pixels, contributing
less to the intensity-dependent cross-correlation calculations in the
PI1V processing routine. ldeally a narrow depth of field causes the
out-of-focus plane images to blur to form a near-uniform background,
enabling unbiased P1V measurements on the in-focus plane.

In practice, scattered light from each PIV seeding droplet within the
out-of-focus plane forms its own blurry image on the camera sensor,
with a size and spatial intensity distribution characteristic of both the
displacement (distance and direction) of the droplet from the object
plane and the aberrations present in the imaging system. Variations in
seeding density will affect the number density and degree of overlap
of the blurry images, but not the characteristic features of each out-
of-focus droplet image.

These blurry images move between frames due to the motion of the
flow on their plane of origin. Any contribution they make to the
cross-correlation introduces the potential for the PIV algorithm
selecting the “wrong” correlation peak or biasing the location of the
“correct” correlation peak. Contributions to the correlation function
vary with intensity squared [5]. Successful discrimination of planes
via the blurring of out-of-focus images relies on spreading out the
light scattered from each droplet in the out-of-focus plane over a
larger area to reduce the peak intensity.

Paper structure

This paper demonstrates a proof-of-principle that a single camera
2D2C PIV system may be modified with off-the-shelf optics to
perform simultaneous multi-plane PV measurements in a practical
thermofluid system. This is achieved by leveraging a narrow depth of
field and image splitting optics with a variable optical path length to
discriminate between measurement planes at different depths.

Two experimental setups were used to validate the depth of field
method for multi-plane PIV. Firstly, translation of static
representative PIV targets is used to provide a known displacement
with which to evaluate the robustness of multi-plane P1V calculations
as a function of plane separation.

Secondly, an optically accessible internal combustion engine is
seeded with oil droplets and motored to compare velocity fields
derived from the multi-plane PIV technique to those derived from
conventional single-plane PV measurements. Due to the cyclic
variability of the in-cylinder flow field, comparisons are restricted to
mean flow fields.

Experimental apparatus and procedure
Image splitting optics with variable optical path

The multi-plane PIV technique of this work performs measurements
on two parallel offset planes “A” and “B” with a separation of Ax.
[Figure 1]. To enable images from the two offset planes to be brought
into focus on a single camera sensor, an image splitting arrangement



based on a 50/50 beamsplitter (Thorlabs BSW42-532) and enhanced
aluminium coated prism mirrors (Edmund Optics 49-406) was
constructed. Elastically-scattered light from both planes travels along
both legs of the image splitting arrangement. The optical path length
in each leg can be adjusted to form an in-focus image of either plane
A or plane B on the camera sensor. This condition is shown in Figure
1, where planes “A” and “B” have been coloured green and blue
respectively, to match the mirrors in their corresponding “in-focus”
leg. Translation stages allow for the optical path in each leg to be
independently varied by up to = 50 mm from their reference path
length. In this work, the reference position was set to provide equal
optical path lengths for the beamsplitter-transmitted path [Figure 1,
green] and the beamsplitter-reflected path [Figure 1, blue]. A large
diameter camera lens (f = 85 mm, f/1.2) images the object planes A
and B onto a high-speed PIV camera (Phantom VEO 710L).

Mirror

Ax/2 § ' ' iAxiZ Camera

/‘}

50/50
a) Beamsplitter

Figure 1  Image splitting optics with variable optical path. a) Diagram of
optical paths which form in-focus images of the object planes “A” and “B” on
the camera sensor. (Object planes and mirrors are coloured green and blue to
aid in identification of the two intended optical path lengths). b) Photo of
assembled image splitting optics mounted on a 150 mm x 300 mm
breadboard.

Laser sheet splitting optics

To generate two parallel laser sheets with variable separation by
splitting the P1V laser output pulses, a 50/50 non-polarised
beamsplitter (Edmund Optics 35959), a dielectric prism mirror
(Edmund Optics 37654) and a pair of anti-reflection coated
cylindrical lenses (f = — 50 mm, Edmund Optics 37599) were
mounted in a Thorlabs 30 mm cage system [Figure 2].
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Figure 2 a) Diagram of twin sheet generation optics with variable plane
separation. The axes of the cylindrical lenses are vertical in this figure,
producing two parallel sheets which diverge in a horizontal plane. b) Photo of
assembled twin sheet generation optics within a Thorlabs 30 mm cage system.

Representative P1V targets

Representative PIV targets were prepared to evaluate the robustness
of the proposed degree of defocus method for discriminating
measurement planes. Tracer particles (Polyamide Seeding Particles,
diameter 5 pm, Dantec Dynamics) were distributed across the surface
of two microscope slides (see Figure 3 for examples of the tracer
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particle images). Each slide was mounted on a pair of orthogonal
translation stages, with controllable axial and lateral translations to
provide a pair of parallel PIV target planes [Figure 4].

For each plane separation, set by axial translation of the stages, PIV
measurements were simulated by illuminating the two target slides
simultaneously with an LED and taking an image with a high-speed
CMOS camera (Photron FASTCAM 1024PCI). The slides were then
given opposite lateral translations (indicated by blue arrows in
Figure 4), followed by a second image being taken. Each image pair
therefore contains both in-focus and out-of-focus particle images,
with the two classes of particle images showing opposing
displacements between the camera images.

The Matlab package PIVIab (v2.56) was used to calculate an
apparent velocity field from each image pair using an FFT based
multi-pass cross-correlation routine [30]. The interrogation window
size was reduced from 64x64 pixels to 32x32 pixels, with 50%
overlap between each window.

(a) (b)
Figure 3 Example of tracer particles images: (a) in-focus; (b) out-of-focus
with 15 mm plane separation from the in-focus plane.

LED

Image splitting optics

Particle target
(in-focus)

Particle target | Tl ~
(out-of-focus)

Figure 4  Particle target test setup diagram (not to scale).
Optical engine P1V measurements

The optical engine and PIV system used in this work have been
described in detail previously [31]. A brief description is provided
here for convenience.

Multi-plane P1V measurements were performed in a single cylinder,
optically accessible GDI engine every 5°CA during the compression
stroke from —120°CA to —55°CA aTDC. The engine was operated
under motored conditions [Table 1]. A LaVision aerosol generator
was used to seed olive oil droplets (approximately 0.2 — 0.4 um
diameter) into the intake plenum. A fused silica optical access
annulus provided optical access for the PIV laser sheets (1 mm thick,
approximately 30 mm wide) generated by a double cavity Nd:YLF



laser (Photonics Industries DM20-527-DH) operating at 527 nm, to
illuminate two horizontal swirl planes. The upper plane was parallel
to and 2.5 mm below the firing deck. The lower plane was displaced
15 mm below the upper plane. A Bowditch piston and 45° mirror
arrangement enabled the swirl planes to be imaged through the piston
crown window onto a high-speed CMOS camera (Phantom VEO
710L) [Figure 5].

Table1  Engine specifications

Bore 85 mm

Stroke 90 mm

Valves per cylinder 2 intake, 2 exhaust
Engine speed 1000 rpm

Intake pressure 70 kPa

Intake air temperature 316 K

Coolant temperature 296 K

Intake air volume flow rate 1.65Ls?

Twin-sheet
generation optics 25mm
] ¥ Cylinder head
+

=

Optical access annulus

Camera Image
splitting
optics
Bowditch
mirror

Figure 5 Geometry of the optical engine, sheet delivery and imaging
system.

For a typical in-cylinder 2D2C PIV measurement, the time separation
between laser pulses, “dt”, is varied as a function of crank angle to
achieve an optimal pixel shift of the droplet images. For the multi-
plane PIV of this work, selection of “dt” values must consider both
measurement planes as the laser sheets for each originate from the
same pair of laser pulses. Additionally, the swirl plane measurements
for flows with strong tumble motion can lead to significant out-of-
plane motion at the inlet and exhaust sides of the measurement
region. For some measurement timings, values of “dt” were reduced
from the optimal quarter-window pixel shift to reduce droplet image
pair losses due to out-of-plane motion.

All image acquisition and processing was performed using LaVision
DaVis 8.4.0 software following the routine detailed in [31]. This
routine was optimized for standard 2D2C PIV under similar
conditions in the optical engine and includes a sliding average filter
across cycles to remove scattered light from static sources, followed
by a multi-pass cross-correlation algorithm with a final interrogation
window size of 32x32 pixels. The resulting vector spacing is

2.17 mm due to the 50% overlap of the interrogation windows. Two
regions of intense scatter from cylinder head features were masked
during the image pre-processing, leading to the two regions without
vectors near x = 20 mm and x = —20 mm for Figure 11 onwards. As a
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2D2C technique, unless otherwise stated all discussion of velocity
directions and magnitudes refers to in-plane velocity only. Of note is
that this is a “typical” single-plane PIV processing routine: no
attempt was made to identify or reduce the contribution of out-of-
focus droplet images to the cross-correlation calculations by
numerical methods.

Results

Representative PIV targets

Figure 6 and Figure 7 show the apparent velocities calculated from
the known translation of the particle-covered slide test targets
detailed in Figure 4. For conciseness, only data derived from the
images obtained via the beamsplitter-reflected path [Figure 1, blue]
are shown. For each plane separation, 86 vectors across the field of
view are analysed.

A preliminary in-focus single-plane measurement provides a
nominally correct result for comparison to the multi-plane data. This
single-plane measurement is recorded with the out-of-focus slide
removed and is used to normalise the apparent velocities of the multi-
plane data, so that a value of “1” represents an exact match to the
single-plane data. A normalised apparent velocity of “—1” represents
a velocity vector in the opposite direction to this reference case (i.e.
in the direction of the out-of-focus slide motion). The deviation of the
apparent velocities from the reference case in Figure 6 and Figure 7
indicates the extent of the cross-talk between the two measurement
planes as a function of plane separation.
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Figure 6 Measurement of the apparent velocity of the in-focus particle-
covered slide test target as a function of plane separation. The in-focus and
out-of-focus test targets of Figure 4 were given known opposed translations
between images 1 and 2 of each PIV image pair. A nominally correct in-focus
single-target PIV measurement is plotted at 0 mm for reference.
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Figure 7 A copy of Figure 6 with an enlarged velocity scale to highlight
differences between results for plane separations > 10 mm.

It is observed that the PIV cross-correlation algorithm cannot
successfully recover the apparent velocity of the in-focus particle



slide for a plane separation of 5 mm. At a plane separation of 10 mm,
the mean normalised velocity (+ one standard deviation) of the 86
vectors is 0.993 + 0.028, compared to the ideal result of “1”. For
plane separations > 15 mm, the mean normalised velocities are all
within 0.6% of “1” with standard deviations smaller than 1.5%.

Optical engine

In this section, results from multi-plane PIV measurements of the
flow field in a motored optically accessible engine are presented and
evaluated.

Plane separation selection

Evaluation of the multi-plane PIV method using in-cylinder flows
was undertaken with a plane separation of 15 mm. Under the
approximately equivalent optical conditions of the particle slide tests,
15 mm was the minimum plane separation for which the 86 vectors
achieved: an average error of <0.6%, a standard deviation of <1.5%
and individual derived velocities all within 6% of the correct value.
Future work will investigate the effect of plane separation in more
detail, but in this work 15 mm may be assumed to be the most
challenging (smallest) separation of planes within the recommended
range of = 15 mm established in the particle slide tests. A plane
separation of 15 mm also enables a conveniently compact design for
the generation of parallel laser sheets from a single beam path using
off-the-shelf 12.5 mm optics [Figure 2]. The upper plane is at a
height of 2.5 mm below the firing deck (selected as the highest
possible plane at which a laser sheet could be introduced through the
optical annulus), while the lower plane is 15 mm below the upper
plane.

Test condition selection

Previous work with the optical engine shows a dominant tumble
motion with an axis of rotation approximately parallel to the
crankshaft [31]. As the piston rises during the compression stroke, the
tumble vortex centre rises through the lower plane. This enables three
distinct flow conditions on the pair of swirl planes to be investigated
with suitable selection of measurement timings.

e Similar flows with slight differences in direction and
magnitude: At —110°CA aTDC, the tumble vortex centre
lies below the lower measurement plane and the dominant
motion on both measurement planes is inlet-to-exhaust
flow.

e  One stable, high velocity flow and one highly variable
flow with regions of low velocity: At —75°CA aTDC, the
tumble vortex centre lies within the lower measurement
plane. The upper plane retains the dominant inlet-to-
exhaust flow, while the flow on the lower plane is highly
variable in direction and gives lower mean in-plane
velocities.

e  Opposed flows: At —60°CA aTDC, the tumble vortex
centre lies between the lower and upper measurement
planes. The flow either side of the tumble vortex centre
gives an inlet-to-exhaust flow for the upper plane and an
exhaust-to-inlet flow for the lower plane.

Example multi-plane PIV images

Figure 8 shows an example single-frame image recorded by the high-
speed PIV camera with both the upper and lower planes illuminated
by the laser sheets. The images arising from the “upper” and “lower”
planes are superimposed on the camera sensor with an offset
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specified by the final stage of the image splitting optics
(approximately 35 mm in object-space). Before PIV processing, this
dual image is separated and calibrated to give one “upper” image and
one “lower” image. The exhaust and inlet sides of the engine are
labelled in Figure 8, this view orientation is maintained throughout
the PIV vector fields in this paper.

In both the upper and lower images of Figure 8, scattered laser light
from droplets in both planes reaches the camera sensor, producing
two classes of droplet images: in-focus and out-of-focus. To isolate
the contribution from droplets on the upper plane, Figure 9 shows an
example single-frame image recorded with only the upper laser sheet
active.
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Figure 8 Example in-cylinder multi-plane PIV image with both planes
illuminated.
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Figure 9 Example in-cylinder multi-plane PIV image with only the upper
plane illuminated. Inset figure highlights the detail of out-of-focus droplet
images within the region bounded by the white rectangle near co-ordinates
(x,y) = (250,450).

The upper plane image contains only in-focus droplet images,
effectively a standard 2D2C PIV image. The degree of defocusing at
this plane separation can be observed in the lower plane image: light



scattered from upper plane droplets forms diffuse out-of-focus
droplet images on the lower plane image. Detail of the intensity
pattern produced is shown in the inset figure, with light from each
droplet spread over a diameter of approximately 8 pixels, with a
corresponding reduction in peak intensity value compared to the in-
focus droplet images.

Figure 10 shows an equivalent example image with only the lower
laser sheet active. In contrast to Figure 9, the out-of-focus droplet
images of the upper plane image have a distinct sharp-edged
character, with intensity concentrated at the edges of each circular
blurred image. This asymmetric behaviour of out-of-focus images
from objects in front vs behind the plane of best focus (foreground vs
background bokeh) is consistent with an imaging system with under-
corrected spherical aberration.
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Figure 10 Example in-cylinder multi-plane PIV image with only the lower
plane illuminated. Inset figure highlights the detail of out-of-focus droplet
images within the region bounded by the white rectangle near co-ordinates
(x,y) = (250,150).

The diffuse character of the background bokeh [Figure 9] is desirable
for the out-of-focus images as it reduces the peak intensities and
results in a more homogeneous intensity pattern, competing less
effectively with the in-focus droplet image contributions to the cross-
correlation of the PIV processing. The sharper character of the
foreground bokeh [Figure 10] is more problematic, retaining smaller-
scale, higher intensity patterns despite being nominally out-of-focus.

This leads to two competing influences on the selection of camera
lens aperture. A narrow depth of field is beneficial for this multi-
plane PIV technique, implying a fully open camera lens aperture of
f/1.2. Aberrations are typically strongest towards the edges of a lens
and reducing the contribution of wide-angle rays by reducing the
camera lens aperture softens the sharp edges of the foreground bokeh.

The images in this work were recorded with an aperture of /2
(reduced from the maximum of f/1.2) to partially soften the sharp
edges of the foreground bokeh at the expense of a factor of 2.8 in
light-gathering. In future work, a camera lens with variable spherical
aberration control (e.g. Nikon AF DC-NIKKOR 105mm f/2 D) would
provide an alternative mechanism for optimizing the blur
characteristics.
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Cross-talk from out-of-focus plane

The potential for cross-talk between measurement planes may be
evaluated by applying the PIV processing routine to datasets with
only the upper [Figure 9] or lower [Figure 10] laser sheet
illuminating the in-cylinder flow.
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Figure 11 500-cycle mean velocity fields at —=70°CA aTDC calculated using
only upper sheet illumination [Figure 9].
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Figure 12 500-cycle mean velocity fields at —=70°CA aTDC calculated using
only lower sheet illumination [Figure 10].



The resulting mean vector fields, averaged over 500 cycles, show that fields were obtained with single-plane illumination in sequential

the information content of the out-of-focus droplet images is experiments to provide nominally “correct” vector fields for

sufficient to approximate the in-focus vector field for single-plane comparison to 500-cycle multi-plane PIV mean flow fields obtained

illumination with either the upper laser sheet only [Figure 11] or the simultaneously on both planes.

lower laser sheet only [Figure 12]. Successful discrimination of the

flow fields in each plane for multi-plane PV measurements must Figure 13, Figure 14 and Figure 15 compare the multi-plane and

therefore rely on the in-focus “correct plane” contribution to the cross single-plane 500-cycle mean flow fields for the three measurement

correlation dominating the out-of-focus “other plane” contribution. timings identified previously to provide flows across the two planes
which are similar (—~110°CA aTDC), differing in velocity magnitude

Multi-plane P1V vector fields and directional stability (—=75°CA aTDC) and opposed

(—60°CA aTDC) (see: test condition selection).

The cyclic variability of the in-cylinder flow field prevents
knowledge of the “true” vector field for comparison to any individual
multi-plane PIV measurement. Accordingly, 500-cycle mean flow
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Figure 13 Left: Multi-plane PIV mean flow fields calculated from 500 cycles of simultaneous PIV measurements with both-sheets-illuminated. Centre: Single-plane
PIV mean flow fields calculated from two non-simultaneous sets of 500 cycles of PIV measurements with only the upper or lower sheet illuminated. Right: Difference
between Multi-plane and Single-plane mean vector fields. In each dimension, only 1 in 2 vectors have been plotted for clarity. At —110°CA aTDC, the tumble vortex
centre lies below the lower measurement plane and the dominant motion on both measurement planes is inlet-to-exhaust flow, leading to similar flows on both planes
with slight differences in direction and magnitude
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Figure 14 Left: Multi-plane PIV mean flow fields calculated from 500 cycles of simultaneous PIV measurements with both-sheets-illuminated. Centre: Single-plane
P1V mean flow fields calculated from two non-simultaneous sets of 500 cycles of PIV measurements with only the upper or lower sheet illuminated. Right: Difference
between Multi-plane and Single-plane mean vector fields. In each dimension, only 1 in 2 vectors have been plotted for clarity. At —=75°CA aTDC, the tumble vortex
centre lies within the lower measurement plane, leading to a stable, high velocity flow on the upper plane and a highly variable flow with regions of low velocity on the
lower plane.
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Figure 15 Left: Multi-plane PIV mean flow fields calculated from 500 cycles of simultaneous PIV measurements with both-sheets-illuminated. Centre: Single-plane
PIV mean flow fields calculated from two non-simultaneous sets of 500 cycles of PIV measurements with only the upper or lower sheet illuminated. Right: Difference
between Multi-plane and Single-plane mean vector fields. In each dimension, only 1 in 2 vectors have been plotted for clarity. At —60°CA aTDC, the tumble vortex
centre lies between the lower and upper measurement planes, leading to opposed flows on the two planes.

Despite the potential for cross-talk highlighted in Figure 11 and
Figure 12, the multi-plane PIV vector fields for all three flow
conditions are sufficiently accurate to produce representative 500-
cycle mean flow fields for two parallel offset planes, with mean
velocities spanning 0 — 10 ms™. The differences between the multi-
plane and single-plane PIV vectors are also displayed in Figure 13,
Figure 14 and Figure 15, with a spatially-averaged difference of
0.21 +£0.25 ms™ for the lower plane and 0.25 + 0.26 ms™ for the
upper plane across the three measurement timings (95% CI).

Notable discrepancies in the “difference” vector fields occur
preferentially to the inlet side of the measurement region around

x =20 mm, at the edges of the masked region. Increased out-of-plane
motion towards the inlet side coupled with reduced information
within the PIV interrogation window at the edges of the masked
region may have contributed to these increased differences.

These differences reflect the combination of cyclic variability in the
flow field with the inherent uncertainties of the multi-plane PIV and
single plane P1V techniques.

Cyclic variability comparison

In order to quantify the influence of cyclic variability in the flow field
on the multi-plane P1V to single-plane PI1V comparison, quantitative
comparisons of flow fields from —120°CA to —-55°CA aTDC were
performed using the Relevance Index (RI) [32]. The Rl is defined as

R =94 5)_ )
g4Il - liqzl

where (q,, qg) is the inner product between two vector fields

q. and gz, and ||| is the 1.2 norm of q. RI values between two
fields range from 41 for exact alignment to —1 for exactly opposite
alignment.

For every measurement timing, the 500-cycle multi-plane and single-
plane datasets were each split into two 250-cycle datasets and the RI
was calculated between permutations of the 250-cycle datasets.
Considering the single-plane to single-plane Rl comparison as a
baseline provides one measure of the cyclic variability of the in-
cylinder flow field.
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Figure 16 shows the RI values for the single-plane to single-plane
flow field comparison on the upper plane (blue circles), which
measures the differences between a pair of 250-cycle mean flow
fields arising from cyclic variability of the in-cylinder flow field and
uncertainty in the single-plane PIV technique. Defining a threshold
R1 value (full range —1 to 1) above which two flows may be
considered “well-matched” is subjective, however threshold values of
0.95 to 0.99 are typical for in-cylinder flow literature [33]. Here the
single-plane data provides a very good match to both the multi-plane
data (mean RI = 0.9990) and the other 250-cycles of single plane data
(mean RI = 0.9994). The comparison between each of the two 250-
cycle mean multi-plane P1V flow fields produces a consistently
poorer match (mean RI = 0.9975), albeit still a very good match
overall.

A similar trend is displayed in Figure 17 for the lower plane flow
fields. At —75°CA aTDC the tumble vortex centre lies within the
lower plane. The resulting highly variable flow direction and low
mean velocities cause a reduction in the similarity of sequential 250-
cycle mean flow fields for all 3 Rl comparisons.

0.998
0.996

0.994

Relevance Index

0.992 -s-single-plane vs single-plane (upper)
-+-multi-plane vs single-plane (upper)

multi-plane vs multi-plane (upper)

0.99
-120 -110 -100 -90 -80 -70 -60
Crank Angle aTDC

Figure 16 Relevance Index (RI) comparisons of the similarity of 250-cycle
mean vector fields from the multi-plane and single-plane PIV techniques as a
function of crank angle during the compression stroke for the upper plane.
The 250-cycle datasets used for this comparison were obtained by splitting

each of the 500-cycle multi-plane and single-plane datasets into two.
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Figure 17 Relevance Index (RI) comparisons of the similarity of 250-cycle
mean vector fields from the multi-plane and single-plane PIV techniques as a
function of crank angle during the compression stroke for the lower plane.
The 250-cycle datasets used for this comparison were obtained by splitting
each of the 500-cycle multi-plane and single-plane datasets into two.

Rejected vectors

For the 15 mm plane separation of this work, cross-talk contributions
from the out-of-focus plane do not bias the derived velocity fields in
a way that changes the mean flow field beyond that which can be
attributed to cyclic variability.

An alternative mechanism by which cross-talk could disturb the
measurement without perturbing the mean flow field is by biasing the
correlation map generated during PIV vector calculation such that the
correlation peak does not satisfy the vector validation routines,
leading to a rejected vector at that location and timing.

The number of rejected vectors is less than 1% for the majority of the
locations within both the multi-plane and single-plane PIV mean flow
fields, averaged across all measurement timings (—120°CA aTDC to
—55°CA aTDC) [Figure 18].
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Figure 18 Percentage of valid vectors at each location contributing to the
mean velocity field, averaged over all measurement timings (—120°CA to
—55°CA aTDC).

Conclusions

Simultaneous multi-plane PIV measurements on two parallel, offset
planes have been performed within a motored optically accessible
spark ignition engine using a single-camera 2D2C PIV system. The
imaging setup leverages a narrow depth of field and, similarly to a z-
splitter arrangement for multifocal plane microscopy, is modified
with variable optical path length image splitting optics to image two
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planes at different depths onto a single camera sensor. The degree of
defocus of the droplet images from the out-of-focus plane reduces
their contributions to the cross-correlation of the PIV processing
routine, ensuring that the resulting vectors represent the motion of
droplet images from only the in-focus plane. This defocus approach
to multi-plane PIV plane discrimination was validated using static
representative PIV targets and for plane separations 15 mm and
greater achieved: an average error of <0.6%, a standard deviation of
<1.5% and individual derived velocities all within 6% of the correct
value.

500-cycle mean in-cylinder velocity fields obtained via simultaneous
multi-plane P1V were compared to those obtained via sequential
conventional single-plane PIV measurements. Motion of the tumble
vortex centre during the compression stroke enabled investigation of
three distinct flow conditions across the two parallel horizontal swirl
planes: a) similar flows with slight differences in direction and
magnitude, b) one stable, high velocity flow and one highly variable
flow with regions of low velocity and c) opposed flows. Across the
three flow conditions, a spatially-averaged difference of

0.23 +0.26 ms™* (95% CI) between the multi-plane PIV and single-
plane PIV mean fields was obtained for mean velocities spanning

0 - 10 ms™. This difference encompasses both uncertainty in the
multi-plane and single-plane PIV techniques and the influence of
cyclic variability of the in-cylinder flow. The number of missing
vectors as a result of failing the vector validation steps during the PIV
processing was less than 1% for the majority of the locations within
both the multi-plane and single-plane PIV mean flow fields.

Quantitative comparisons of the single-plane PIV to multi-plane PIV
data via the Relevance Index (RI) produced RI values above 0.97 for
all measurement timings during the compression stroke.
Additionally, comparisons of sequential sets of 250-cycle mean
single-plane PIV velocity fields, in order to approximate the best
achievable RI values due to cyclic variability of the in-cylinder flow,
produced RI values of 0.98 and above. Larger datasets in future work
will reduce the influence of cyclic variability and may enable the
inherent increase in uncertainty of the multi-plane PIV technique
over standard single-plane PIV to be quantified.

The multi-plane PIV via depth-of-field technique may be extended to
more than two planes with suitable image splitting optics or
additional cameras and is compatible with conventional methods for
distinguishing PIV planes, such as wavelength and polarization,
further increasing the number of potential planes for simultaneous
multi-plane PIV measurements.
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Definitions/Abbreviations

2D2C Two-dimensional, two-component
aTbDC After Top-Dead-Centre (firing)

°CA Crank Angle Degrees

Cl Confidence Interval

GDI Gasoline Direct Injection

GDPT General Defocusing Particle Tracking
ICE Internal Combustion Engine

PIV Particle Image Velocimetry

uPIV Microscopic Particle Image Velocimetry
RI Relevance Index
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