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Abbreviation / Acronym | Description/meaning

ADA Airborne Droplet Analyser

ATF Altitude Test Facility

CAS Cloud and Aerosol Spectrometer
CAS-DPOL Cloud and Aerosol Spectrometer with Depolarization
CAPS Cloud, Aerosol, and Precipitation Spectrometer
ccp Cloud Combination Probe

CDP Cloud Droplet Probe

CIP Cloud Imaging Probe

CS25 Certification Specification

CVF Cumulative Volume Fraction

DMT Droplet Measurement Technologies, Inc.
DoF Depth of Field

FAR25 Federal Aviation Regulation

FCDP Fast Cloud Droplet Probe

FSSP Forward Scattering Spectrometer Probe
FZDz Freezing Drizzle

FZRA Freezing Rain

HSI multi-beam High Speed Imaging

B Icing Blade

ICD Ice Crystals Detector

IWT Icing Wind Tunnel

LWC Liquid Water Content [g/m3]

MOC Means of Compliance

MVD Median Volume Diameter

OAP Optical Array Probe

OASIS Optical Array Shadow Imaging Software
PDI Phase Doppler Interferometry

PDPA Phase Doppler Particle Analyzer

PIP Precipitation Imaging Probe

PMS Particle Measuring Systems, Inc.

PSD Particle Size Distribution

2D-S 2D Stereo Probe

SEA Science Engineering Associates, Inc

ICE GENESIS - H2020 - 824310
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SLD Supercooled Large Droplets
SPEC Stratton Park Engineering Company
TWC Total Water Content [g/m3]
W/T Wind tunnel
WP Work Package
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2 Executive Summary

Within the European ICE GENESIS project, the deliverable D4.1 is closely related to Task 4.1 of work
package 4 (“Instrumentation for liquid icing conditions”). This task is dedicated to the review and the
selection of the most appropriate instrumentation for measurement of the particle size distribution
(PSD) under Appendix O conditions in various wind tunnel (W/T) facilities. The SLD measurements
requirements are extracted from FAR/CS-25 Appendix C & O (FAA, 2014). In particular, this task deals
with:

a) Selection of the best instrumentation required to measure PSD under appendix O conditions
with focus on supercooled large droplets (SLD), using optical array and scattering probes. The
respective W/T installation requirements should be considered.

b) Calibration of selected instruments regarding sample area and particle size with SLD droplet
generators in the laboratory.

c) Evaluation of PSD under Appendix O conditions with respect to appropriate correction
methods for image processing and uncertainty assessment.

An overview and aspired performance targets for App O conditions in wind tunnel facilities were given
in D3.1 “Definition of the target requirements for test facilities operating envelopes for App O”. In this
deliverable D4.1, state of the art instrumentation to characterize number concentrations and particle
sizes for SLD conditions are reviewed. The main focus of this report is on supercooled large droplets
with a defined maximum diameter range of 100 to 500 um for freezing drizzle environments. But also
instruments to measure droplet diameters larger than 500 um for freezing rain conditions and for a
smaller particle size range are included in the discussion. The latter represent measurement
techniques with a measurement size range from 1 um up to 150 um, useful to characterize Appendix
C conditions and the lower side of PSD (e.g. the first part of the bi-modal distribution) for Appendix O
conditions.

The chosen instrumentation will be provided by the participating test facilities (CIRA, RTA, CIAM,
TsAGI, MINDEF) or by independent research institutes (DLR, CNRS) that can be used as reference in
several test facilities. The work of task 4.1 indicates the best instrumentation that can be used in W/T
calibration and is therefore essential for work package 6 “SLD test capability”. The calibration of
selected instruments as well as the evaluation of correction methods and uncertainty assessment
during data analysis will help to reduce the risk of facility calibration bias for aircraft icing certification
programs in Appendix C and O.

The particle sizing instruments can be divided by their measurement techniques into two main groups:
scattering probes and optical array probes. The advantages and data analysis methods for both
techniques will be discussed in the context of their nominal particle size ranges. Since, both W/T
facilities and independent research institutes are collaborating in this task, all partners can benefit
from each other. To ensure the best possible results on the calibration of SLD conditions in W/T
facilities, the facilities have to consider installation possibilities and constraints of homogeneous LWC
in the test sections.

The main objectives we have to meet with the selected PSD instrumentation for icing wind tunnels
are summarized below. These objectives consider ongoing discussions related to W/T SLD test
capabilities (WP6), W/T tests for liquid and snow conditions (WP8) and numerical capabilities (WP9).

a) Guarantee a wide measurement range for particle sizes between 1 um and several millimetres
to cover Appendix C and Appendix O (freezing drizzle and freezing rain) conditions by using
state of the art scattering probes or optical array probes.

b) Provide correction methods to correct the sizing of the out-of-focus images (Korolev, 2007)
and the fragmented droplet images that may be undersized, while resulting in an
overestimated concentration of small droplets.

c) Give areasonable uncertainty assessment for the employed measurement techniques.

Since, the calibration of SLD conditions in the W/T test facilities in WP6 will focus on FZDZ conditions,
the discussion of the instrumentation selection is in this context, too. A summary and detailed
ICE GENESIS - H2020 - 824310 © ICE GENESIS Consortium Page 11
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information of the chosen PSD instrumentation of each participated W/T test facility will be shown in
a table in the “Appendix: PSD instrumentation selected for wind tunnel tests in SLD conditions (FZDZ)
within ICE GENESIS”.
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3 Introduction

This document provides information on the instrumentation for PSD measurements under Appendix
C and O conditions in W/T facilities. The instruments selected will be used for W/T calibration in
Appendix C and Appendix O Freezing Drizzle conditions within WP6. A droplet size range between 1
pm and 500 pm (FZDZ)/2500 um (FZRA) should be covered. Therefore, all WP partners will provide
the most appropriate instrumentation or else can use additional reference instruments from research
partners involved in WP4.

A review of commonly used cloud particle probes will be given first. Measurement techniques are
based on light scattering of particles or on recording two-dimensional images of particles crossing the
individual detection region. The final selection is based on the measurement objectives under SLD
conditions with a main priority to FZDZ.

Besides the selection, a description of calibration of selected probes is given. The calibration of particle
sizes and/or sample area of the particle probe enables a detailed data analysis and reduces the risk of
a facility calibration bias for the aircraft icing certification programs in Appendix C and O.

Furthermore, a description of suitable data analysis algorithms specifically for scattering probes and
optical array probes is given. A similar data analysis for different particles probes improves the
comparability between different facilities.

The work described here serves as preparation for W/T calibration in WP6, W/T tests in liquid and
snow conditions in WP8, and numerical test scenarios in WP9.

3.1 Specifications for W/T calibration of SLD conditions

Atmospheric icing conditions that were first surveyed and relevant to the design of in-flight ice
protection systems for aircraft are published in the Code of Federal Regulations Title 14 Chapter 1 Part
25 Appendix C (CS-25, FAR 25-C) (FAA, 2014). There, the icing envelopes are defined for continuous
maximum (stratiform) and intermittent maximum (convective) clouds as functions of air temperature,
maximum LWC, MVD and horizontal extent. The MVD shows characteristic values of 15 to 40 um with
corresponding LWC between 0.05 and 0.8 g m™ for stratiform clouds and LWC up to 2.8 g m? for
convective clouds (FAA, 2014).

Besides FAR 25-C, hazards have been documented associated with SLD larger than 100 um. Therefore,
additional certifications were necessary. The Appendix O of EASA CS-25 (FAA 14 CFR Part 25 rules)
defines SLD icing conditions that are required for the certification process for aircraft and engine
manufacturers (FAA, 2014).

The SLD conditions exist for freezing drizzle (FZDZ) and freezing rain (FZRA). While FZDZ is
meteorologically defined as supercooled droplets between 200 and 500 um, FZRA is defined as
supercooled drops larger than 500 um diameter (Cober & Isaac, 2012). The SLD environments can be
further segregated into four subsets by varying drop maximum diameter (Dmax) and drop median
volumetric diameter (MVD). The classification for Appendix C and O is shown in Table 1 with
highlighted FZDZ definitions. Additionally, the corresponding maximum LWC (99.9% percentile) for
each class is given.
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Definition MVD MVD (50% VD)  Dmax (99.9% Max LWC
(99.9% LWC)

App. 15-40 um | <100 pum 0.05-0.8gm?
C_stratiform

App. 15-50 um | <100 pm 0.25-2.8gm?
C_convective

FZDZ_In <40 um 100 -500 pm | 20 pm 389 um 0.44gm3
FZDZ_Out >40 um 100 -500 pm | 110 pm 474 pm 0.27gm?
FZRA_In <40 um > 500 pm 19 um 1553 um 031gm?3
FZRA_Out > 40 um > 500 pm 526 um 2229 um 0.26gm?

Table 1: MVD, Dmax and LWC range for App C & O conditions (Cober & Isaac, 2012).

Particle spectrometers and imaging probes should be able to detect droplets with sizes between 1 um
up to 500 um for FZDZ conditions and/or up to 2500 um for FZRA as shown in Table 1 and Figure 1. To
reach these wide size ranges a combination of different probes may be necessary.

{mall droplets >
K !reezmg drizzle >

{eezing rain >

1 10 100 1000
particle diameter [um]

Figure 1: Particle diameter for droplets depending for Appendix C & O conditions.

App C

AppO

App O

The wind tunnel improvements derived from the activities running in WP6 for each facility should
achieve the FZDZ performance targets defined in Table 2 of D3.1 “Definition of the target requirements
for test facilities operating envelopes for App O: improvements and remaining gaps.”. Besides
conventional cloud parameters characterizing liquid cloud uniformity in Appendix C, additional
measurements have been added to verify the uniformity for droplet trajectories, the droplet
temperature deviation from the free-stream, the PSD deviation from the reference, and the droplet
sphericity for the clouds. While most of these parameters are characterized with dedicated
instrumentation, the droplet sphericity is a 3D parameter that needs a methodology that must be
validated in the laboratory using the available 2D imaging probes that allow for deformation of the
drops to be examined (e.g., the major axis diameter vs. equivalent spherical diameter).

Besides the requirements regarding particle size range and expected high number concentration of
particles in the W/T test facilities, the installation requirements of each facility due to different
dimensions in space are limiting factors for selecting the most appropriate PSD instrumentation.

3.2 Review of available particle size measurement techniques

Clouds in icing conditions, including supercooled liquid water, can be studied in wind tunnels through
the same type of measurement techniques used in the atmosphere from research aircraft to create
the database for SLD icing conditions. The number concentration of artificial clouds is of particular
challenging to characterize in the icing wind tunnel since it may range from a few tens per cubic

ICE GENESIS - H2020 - 824310 © ICE GENESIS Consortium Page 14



D4.1 Selection of instrumentation for PSD PU
23/11/2021

centimetre (cm?3) over the Appendix O to a several thousand cm™ in Appendix C conditions (Esposito
& Marrazzo, 2007). Considering both clouds envelopes, the droplet size may range from less than 1
um to more than 2000 um. The maximum size is limited by potential break-up due to the collisions
and/or droplet Weber number achievable in the contraction nozzle. The Weber Number, We, is a
similarity parameter that relates the inertia of a drop to its surface tension (King et al., 2018). The
instrumentation to characterize these clouds is based on a variety of measurement principles. For
each of these principles, the measured particle size is compared to a series of thresholds to allocate
the counted particle in one of the instrument size ranges (Figure 2).

Sizing uncertainties may result in a distortion of the measurement result, most often a broadening, of
measured particle size distribution (PSD). There are different sources of sizing errors generally related
to optics and electronics settings, even if the main source is typically related to the interactions
between the droplet and the probe sensitive volume. An example can be considered by droplets
crossing the edge of the probe volume that is partially detected and then undersized, or by non-
uniform light intensity of the probe volume, for which each instrument has a minimum detection
threshold. For this reason, small droplets can only be detected if they cross the most intensely
illuminated section of the probe volume. This indicates that the probe detection volume may be
dependent on the size of the particle. To avoid particle size underestimation in the less intensely
illuminated portion of the detection volume, various techniques have been developed and most of
those are available within the project. While droplet coincidence losses increase with the sensitive
volume, statistical significance depends on the number of accepted droplets (e.g., decreases with
decreasing acceptance volume that is by definition smaller than the sensitive one) To minimize
coincidences and optimize statistical significance of the measurements, each available technique has
a proper acceptance to sensitive volumes and can be classified as described below.

In-situ instruments using the single particle light scattering techniques are capable of measuring the
size of cloud droplets mainly in the small particle range below 50 um. Examples are the (Fast) Cloud
Droplet Probe (F)CDP, the Cloud and Aerosol Spectrometer with depolarization CAS-DPOL or the
Forward Scattering Spectrometer Probe FSSP. The light scattered by particles flying through a focused
laser beam is detected. The intensity of the scattered light is then proportional to the particle size and
depends on the known shape and refractive index of a particle as well as the wavelength of the laser
(Baumgardner et al., 2011). It should be considered that the intensity of light varies with the angle of
the detector with respect to the incident light. The theory behind this light scattering is known as the
Lorenz-Mie theory (Mie, 1908). The particle size is determined via the correlation between scattering
cross-section and the signal voltage the detector measures. Especially for smaller particles (below
about 20 um), this correlation is not unambiguous due to the occurrence of Mie oscillations. To obtain
a uniquely defined assignment of a scattering cross-section to only one corresponding diameter it may
be necessary to combine several size bins spanning the size range of ambiguity.

The different instruments CDP, CAS-DPOL and FSSP vary in their optical configuration to collect the
scattered light from a different angle; hence, they have to be analysed individually regarding Mie
ambiguities. Unlike these common techniques, the Phase Doppler Interferometer (PDI), based on light
scattering interferometry (Bachalo & Houser, 1984, 1985), uses a laser operating in single longitudinal
mode to produce a coherent polarized beam that is split into two equal intensity beams using a Bragg
cell for frequency shifting of the reference beam. The two coherent laser beams of unequal frequency
intersect to form a sample volume. The forward scattering from a droplet passing through this volume
is collected by receiver optics, where the interference fringe spacing is proportional to drop diameter,
and the fringes move at the particle velocity. Multiple sensors (up to 4) on the collection side acquire
sinusoidal signals that are processed to provide particle size and velocity. With appropriately chosen
receiver optics, Mie oscillations add only a relatively small uncertainty of about 0.3 um at the low end
of the size range. The PDI technique is capable of measuring drop diameters and velocities in the size
range of approximately 1 um to about 1 mm. A single sensor is limited to a dynamic range of
approximately 50:1 due to photodetector performance (signal saturation). Minimum drop size is
determined by minimum necessary signal-to-noise ratio, and for cloud drop measurements, this is
estimated to be between 1-3 um. The maximum size is usually limited by droplet deformation,
violating the assumption of drop sphericity. This depends by droplet acceleration in the wind tunnel
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contraction nozzle that changes by tunnel to tunnel. In NASA Icing Research Tunnel (IRT) a study on
Weber number effect (King et al., 2018) highlights how the surface tension appears to dominate
droplets below 500 um, maintaining a higher degree of sphericity, ratio of the surface area of a
spherical droplet to the actual surface area of the deformed droplet. Above this size, starts droplet
deformations due to the aerodynamic field around the droplets.

Another group of instruments, also based on particle light scattering, are bulk measurement devices.
They collect information from an aggregate of all particles flying through the sample volume.
Therefore, the sample volume is several orders of magnitude larger than the size of an individual
particle. This is in contrast to the formerly described method of single particle detection, where the
sample volume is typically on the order of the largest particle size to be measured. For such a bulk
measurement instrument, e.g., the Malvern SprayTec System, the scattered light from an ensemble
of particles is detected (optical diffraction). The measurement principle relies on the fact that when a
collimated laser beam passes through a field of particles in the test volume, part of the beam gets
diffracted. Light is scattered by particles of various sizes with an intensity proportional to the droplet
diameter squared and the angular distribution of the light inversely proportional to the diameter. Light
scattered from anywhere along the laser beam at a particular angle is transformed by the Fourier
transform receiver lens to a displacement on the ring detector. Thus, the angular scattered light is
converted to radial distribution of light intensity at the ring detector. Given that small particles scatter
light at larger angles, it is necessary to have a sufficiently large diameter lens or limit the distance from
the lens to the droplets so that the scattered light is not lost (referred to as vignetting). The size bins
are logarithmically spaced and depend on the focal length of the used lens. The scattered light is
analysed by a series of ring detectors closest to the focus beam. Each detector corresponds to a
different range of scattering angles and thus to different portions of the size range of the particles.
The instrument does not measure the drop size distribution directly, but requires either a model
dependent distribution function (e.g Rossin-Rammler, logarithmic) or a model independent
deconvolution of the cumulative light scattering distribution to estimate the drop size distribution. At
the detector, non-diffracted light focuses on a point, and diffracted light produces a series of
Fraunhofer rings around it. The intensity ratio of diffracted light produced with a ring detector to
incident light allows evaluating the laser light blocked by the particle flow. Every diffraction ring
corresponds to a droplet diameter interval. The size distribution is determined by an iterative
technique. A theoretical droplet size distribution is assumed and then the relative power of the
scattered light is compared with the real results of the detectors. The size distribution will be adjusted
in several steps to obtain the best fit between measured and calculated power on the detectors. The
bulk measurement devices are not well suited to determine the number density of the particles or the
liquid water content (LWC). Volume distributions given by these instruments are a relative measure
of the distribution and just proportional to the absolute volume distribution.

Another technique to determine the size of a particle is to record its image. Besides the size, additional
information about the shape can be extracted. The imaging optics are in fact a microscope with a long
working distance. These imaging probes uses two method for the image recording. The first method
scans a linear photodiode array while the second provides instant particle imaging with the help of
the photodetector 2D arrays (e.g., CCD or CMOS camera). With the first method the particle is
detected with optical arrays that may have a different number of diodes and resolution. Therefore,
this type of cloud probe is generally named Optical Array Probes OAPs. Examples are the two-
dimensional Stereo Probe 2D-S, the Cloud Imaging Probe CIP, the Precipitation Imaging Probe PIP or
the OAP260-X. The advantage of the imaging technique compared to the light scattering technique is
its independence from the particle composition. The size determination is not related to the shape,
orientation or refractive index (Baumgardner et al., 2011). In general, these probes capture a broader
and also larger size range starting at around 10 um up to 1 mm (2D-S, CIP) or 6 mm (PIP).
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A linear photodiode array is scanned with a rate proportional to the particle velocity. The illumination
state of all elements is recorded. A digital image of the particle is formed from individual image slices.
The scanning rate depends on airspeed and pixel resolution. Most of these probes work as monoscales
and use a single threshold level of 50 % shading of the pixel to identify a single particle. The CIP is
available as greyscale probe (CIPgs) and has programmable light level thresholds (e.g. 25 %, 50 % and
75 %). This provides additional information on the shape and feature of ice crystals and allows for a
clearer identification of out-of-focus particles.

The OAP method provides continuous recording of particles passing through the sample area and
yields detailed information on the shape and size of particles.

The second method for image recording utilizes a square CCD or CMOS array. An entire image is
recorded on the photodetector matrix at once, as particles pass through the sample volume. This
method requires pulse illumination and a triggering system for identification of the presence of the
particle in the sample volume. The HSI described in section 4.1.1, similar to the CPI probe, are the only
instruments that uses this technique for airborne operation.

In Figure 2 the different probes arranged according to the measurement technique are shown with
respect to the covered droplet size range.

] Optical Imaging Probes
Il Optical Scattering Probes
PIP

OAP-260X [ |
Malvern 750 mm lens ]
HSI [ |
2D-S [ ]
CIP ]
Malvern 300 mm lens |
ADA |
PDI-4D e ______. ]
Mastersizer-X ]
FCDP |
CAS-DPOL |

1 I I I
0.1 1 10 100 1000 10000
particle size diameter (um)

Figure 2: Particle size measurement range for several optical PSD instruments.

Derived microphysical properties

The initial data output of particle probes is counted particles per size bin. The droplet number
concentration O Gis calculated by dividing the particle counts £ by the sample volume "Y @The sample
volume depends on the specified sample area "YQthe true airspeed "YO a¥id the time increment Q 0
which a particle needs to pass through the laser beam.

£ £

Yo "YOOYO MO

From the various droplet sizes of a natural or an artificial cloud, the characteristic droplet size
distribution can be determined. The median volume diameter MVD of a given PSD is the diameter that
separates the liquid water content LWC exactly by a half. The total cloud LWC is evenly distributed on
either side of this diameter.

The LWC is calculated for each droplet size bin and integrated over all size bins 'Q plt8 hQ

0 ®

0 wod O wod
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The contribution of each size bin towards the total LWC is determined in M . The sum of all LWC bin
fractions & 0 Gequals one in total. The index "@ signifies the smallest value such that ® 6 & is just
larger than a half. For the MVD itself the bin limit, where WO Gis just larger than 0.5, is reduced by
the excess from a half, weighted by the specific LWC contribution and factored by the bin size.
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3.3 Detailed overview of state of the art instrumentation

In the following chapter the entire available instrumentation from all WP4 partners is listed. The lists
are divided according to the corresponding measurement techniques. Additionally, combined PSD
instruments are presented. They consist of at least two single instruments combined in one cloud
probe to cover a wider size range than possible with single instruments.

From this pool of instruments, the final instrumentation for each W/T test facility is selected according
to the requirements for measuring PSD in App C and App O conditions. The chosen instruments are
presented in the “Appendix: PSD instrumentation selected for wind tunnel tests in SLD conditions
(FZDZ) within ICE GENESIS” with additional information.

3.3.1 Imaging Probes

The measurement technique of imaging probes is based on the principle of optical array probes (OAP).
The probes record two-dimensional images of particles that cross the individual detection region. The
following Table 2 describes the instrumentation for characterization of PSD’s with imaging probes.
Besides the size range, the provided parameters of the probes are presented.

Instrument Instrument FrarETe TR Icing facility /
(Manufacturer) = Name Owner

mono-
OAP 260X chromatic
(1D2DX) Optical Array 15 - ~2000 um particle number CIRA-IWT / CIRA
(PMS) Probe + concentration, PSD, TWC

Imaging

probe

OAP-2D-GA2 2D Gray #1) 15-930 um | particle number

#2) 25 - 1550 concentration, PSD, CIRA-IWT / CIRA

(PMS) Probe um LWC/IWC

multi-beam particle number
HS1 High Speed | 1500 um concentration, PSD, CIRA-IWT / CIRA
(Artium) Imaging

Probe LWC/IWC

Cloud particle number
(CII)I:\AT) Imaging 12.5-1550 um concentration, PSD, E:Q-IWT/ rented

Probe LWC/IWC
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Precipitation .
PIP Imagin 100 um - 6.2 particle number TsAGI AHT SD /
(DMT) ging mm concentration, PSD, IWC | CAO
Probe
Cloud particle number
(CII)I:\AT) Imaging 12.5-1550 um concentration, PSD, ZSA%GI AHTSD /
Probe LWC/IWC
2D-S 2D Stereo 10 um - 1.28 particle number Independent /
(SPEC) Probe mm concentration, PSD, IWC, DLR
LWC
Precipitation .
PIP Imagin 100 pm - 6.2 particle number Independent /
(DMT) Prolfe & mm concentration, PSD, IWC | DLR

Table 2: PSD instrumentation —Imaging Probes.

3.3.2 Scattering Probes

Scattering probes measure the intensity of the light scattered by individual particles passing through
a focused laser beam. The size range is limited by the diameter of the laser beam and the sensitivity
and dynamic range of the detectors. Table 3 is a collection of all available scattering probes from the

WP partners.

Instrument Instrument . . Icing facility /
R ) || e Size range Parameters provided owner
0.5-180 um particle number
1.2 - 00 um concentration, PSD
Mastersizer-X CIAM C-2 / CIAM
4 -2000 um
Forward
Scattering particle number
FSSP-ER Spectromete 1-95um concentration, PSD, TWC CIRA-IWT / CIRA
r Probe
Airborne #1) 05-165 | Particle number
CIRA-ADA ! concentration, PSD, LWC,
(Aerometrics) Droplet Hm article velocity and CIRA-IWT / CIRA
Analyzer #2) 2-870um | P 4
volume flux
Phase
Doppler LO1) 1.2/2.7- | particle number
2D-PDPA-LFD Particle 459/1044 pm concentration, PSD, LWC,
(TSI) Analyzer LO2) 2.4/5.3- | 2D particle velocity and CIRA-IWT / CIRA
with Large 903/2053 um volume flux
Focal Length
Phase particle number
CIRA-PDI-4D Doppler #1) 1-143 um | concentration, PSD, LWC,
) Interferomet | #2) 5.2-776 particle velocity and CIRA-IWT / CIRA
(Artium) . NV
er with4 pum volume flux in liquid and
Detectors mixed-phase clouds
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Forward particle number
Scattering 2-47 umor5 - concentration, PSD, IWC MinDef S1 ATF /
FSSP .
Spectromete | 95 um MinDef
r Probe
Volume Distribution
0.1-900 um ’
QA?LvetZ:: ?5(:3\/:::1 H Transmission, Dv(10), RTA-IWT / rented
pray (MVDupto 600 | b 50) py(90), D3y, Das, | unit
300 mm lens lens) um)
Span
Volume Distribution
2.0-2000 pm ’
QA?LvetZ:: (S;);gyr:‘er; H Transmission, Dv(10), RTA-IWT / rented
pray (MVD up to Dv(50), DV(90), D, Das, | unit
750 mm lens lens) 1600 um)
Span
Phase 0.5 um -2.6 mm
Doppler
PDI-2D Interferomet TsAGI AHT SD /
(Artium) er with 2 TsAGI
velocity
components
Cloud and
Aerosol particle number
CAS-DPOL Spe.ctromete 0.5-50 um concentration, PSD, IWC, Independent /
(DMT) r with LWC (<3 g/m3) DLR
Depolarizatio &
n
Fast Forward
FFSSP-300 Scattering 1.5-50 um particle number Independent /
(SPEC/DMT) Spectromete ) W concentration, PSD, IWC | DLR
r Probe
FCDP E?Zt lcéi)Ud 550 um particle number Independent /
(SPEC) P W concentration, PSD, IWC | DLR
Probe
Backscatter
BCPD Sﬁﬁd Probe 550 um particle number Independent /
(DMT) N K concentration, PSD DLR
Polarization
Detection

Table 3: PSD instrumentation — Scattering Probes.
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Combination probes link two or more measurement techniques to extend the measurement range by
using less space than two single instruments. The information for these probes are shown in Table 4.

Instrument Instrument . . Icing facility /
R R | e Size range Parameters provided owner
ccp Cloud CDP 2 —-50 um particle number CIAM C-2 / CIAM
(DMT) Combination | CIP 25— 1550 concentration, PSD, LWC
Probe um (0.01-3 g/m3)
CAPS_38 CAS 0.5-50 um, | Particle number MinDef S1 ATF /
(DMT) CIP 7.5-950 um concentration, PSD, LWC MinDef
' KM 1 (0.01-3 g/m3)
particle number .
e 9383m. | et 50, | MIDSISLATE
KM 1 0.01-3 g/m3)
Cloud and CAS 0.5 - 50 um: particle number
CAPS_38 Aerosol concentration, PSD, IWC, | Independent /
(DMT) Spectromete CIP15um-33 | wc (0.01-3g/m3) DLR
mm
r
FCDP 2 - 50 um; | particle number
2D-S/FCDP 2D-S 10 um - concentration, PSD, IWC, IDnLdRependent/
1.28 mm LWC (0.01 - 3 g/m3)
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4 Final selection of PSD instrumentation

The following section indicates the PSD instrumentation selected in each wind tunnel facility, which is
part of WP6 to support the calibration for Appendix O (freezing drizzle) conditions. For each wind
tunnel, the finally chosen PSD instrumentation is described with uncertainty derived from laboratory
measurements. The past and latest measurements in Appendix C/O conditions with the instruments
will be shown in consideration of the rationale followed in each tunnel for the PSD/MVD
instrumentation selection.

4.1 CIRA Icing Wind Tunnel
4.1.1 Selected PSD/MVD instrumentation

An assessment of the existing microphysics instrumentation and its upgrade is continually under
scrutiny at CIRA to insure the best reproduction of the atmospheric supercooling cloud characteristics
in the CIRA IWT.

Assessment and optimization of cloud uniformity in the test section and the functioning of the spray
bar configuration, airspeed, and pressure altitude, precedes the PSD/MVD measurements. The test
section configuration, selected for the I1G program, is shown in Figure 3, together with its achievable
flow and cloud parameters ranges.

CIRA-IWT Main Test Section (MTS)

Height (m) 2,35
Width (m) 2,25
Length (m) 7

Max speed (ms-1) 135
Max Model Blockage 30

Min Temperature (°C) -32

LWC meas. Range (gm-3) 01-4
MVD range (um) 10- 300

Altitude (m) 0-7000

Figure 3: CIRA IWT MTS characteristics, and typical cloud conditions for testing instrumentation.

CIRA has selected the following instruments from those listed in the section 3.3 to support the IWT
cloud calibration under FZDZ and to assess the facility capability extension to FZRA:

- Airborne Droplets Analyzer (ADA) with updated processors (or PDI-4D currently under
evaluation)

- Arebuild of the OAP-260X using a new technology that allows a dual-mode probe operation,
able to generate two outputs (1D spectra and 2D images with 15 um of resolution). As a
backup solution for this probe the SPEC 2D-S has been considered.

- multi-beam High Speed Imaging (HSI) probe with trigger acquisition mode

Phase Doppler Technique

The particle sizing instrumentation used in the CIRA-IWT for cloud calibration consists of optical
probes based on the phase Doppler technique, the Aerometrics Airborne Droplet Analyzer (ADA), with
droplet signals controlled and acquired by a TSI Inc. Model FSA4000 Signal Processor and a Model
PDM1000 Photo Detector Module. Data are analysed using TSI FLOWSIZER software, which yields a
detailed spectrum analysis. This system can measure simultaneously both supercooled cloud water
droplet diameter, one droplet velocity component in the axial probe direction, and time of arrival of
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each droplet passing through the optical detection volume formed by a pair of intersecting laser
beams. The ability to measure size distributions accurately, requires the reliable detection and
measurement of the size, velocity, and transit time of each droplet. In addition, an accurate in situ
measurement of the effective detection volume cross-sectional area must be made before an accurate
calculation of the local volume flux can be made.

The ADA system, available at CIRA, serving as a reference instrument for App. C cloud characterization,
includes two icing probes which may be arranged in three different configurations, whose droplet
diameter measuring ranges and maximum droplet velocity are reported in the following Table 5.

# Config. Diameter range Max Droplet velocity Note
[em] [mis]
. with beam waist diameter of 94em and

! Small. ADAL00F 0.5+ 165 >800 fsampiing= 800MHz (FSA system processor)
2 Large. ADA10OF/LR 2+ 870 266.7 with beam waist diameter of 320em and
Without Contractor ' : fsampling= 800MHz (FSA system processor)
Lrg. ADA10OF/LR ) with beam waist diameter of 943em and
8 With Contractor 431426 786 fsampling= 160MHz (RSA system processor)

Table 5: ADA probes - optical configurations.

The first two configurations for liquid cloud calibration are currently used. Although adjustable, the
probe sample volume is typically much smaller for SLD than the optical array probes, which may affect
the amount of time required to adequately sample an SLD spectrum. In the optical system, the laser
beam is split into two beams of equal intensity. The beams are then focused and made to intersect
using a transmitter lens. The corresponding beam waists are 97 um and 296 um respectively for ADA
small (ADA_sm) and large (ADA lIrg). Particles passing through the beams at their intersection will
scatter light that is collected by the receiver lens. A single aperture is used in the receiver to allow only
light scattered by particles crossing a small region of the beam intersection to reach the
photodetectors. Three detectors are needed for extending the size range with high resolution and for
producing redundant measurements to evaluate each signal. The technical explanation of the phase
Doppler technique can be reviewed in a number of publications (Bachalo & Houser, 1984, 1985).

Recently, CIRA has upgraded the ADA system with Artium electronics, replacing the former TSI
instruments. The TSI method uses autocorrelation plus counting to measure the period of the signal
and from that, invert the period to obtain the signal frequency. The Artium signal processor uses
complex Fourier transforms to obtain directly the Doppler frequency for the signals without measuring
the period first. The Fourier transform provides greater frequency resolution at lower sampling
frequencies due to the fundamental differences in the two approaches; autocorrelation plus counting
versus the complex Fourier transform. With this updated electronic the real and imaginary (shifted by
90 degrees) components of the signals are sampled and a full complex Fourier transform is used to
obtain the signal frequency and phase. Each of the three signals for the phase measurements is
sampled in this manner and the phase differences computed at the same frequency for each signal.
Three phase differences are computed, AB, AC, and BC for detectors A, B, and C from the Channel 1
velocity component. These three phase differences are compared for consistency as one of the
validations for each droplet signal detected. The approach has proven to be very effective in detecting
and reducing sizing errors due to the droplet trajectory problem in the probe volume which resulted
in and incorrect reporting of large drops.

Typically, during the cloud calibration of the CIRA-IWT, after the spray bar parameters settings and
flow conditions are stabilizing a large number of samples (10°) are acquired to assure sufficient
statistics for larger droplets (higher than 50 um of diameter) for reliable computation of MVD. For low
and high drop concentrations (LWC), the size validation ranges from 75% to 99% allowing a data rate
respectively from 900 Hz to 13 kHz. The probe anti-icing capability allows a high quality of
measurements in the test section without any ice contamination on critical components (e.g. probe
windows) with air temperature ranging from -3°C to —10°C.
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Figure 4: ADA probes (a) and PDI-4D in high speed configuration (b) mounted in the test section of the CIRA-
IWT. Comparison of ADA_MVD and PDI_MVD results (c).

As the next step for the phase Doppler application in the IWT, CIRA is evaluating the Artium PDI-4D
(Phase Doppler Interferometry with a fourth detector) for liquid cloud calibration as a (temporary)
backup system for ADA probes. The aim will be the ADA system replacement with the PDI-4D
considering this one as the primary probe for the droplet sizes measurements included in the lower
range of SLD conditions (< 150 um). The newly developed PDI-4D (Sipperley & Bachalo, 2014) with
three independent measurements of phase shift between photodetectors can further reduce the
reflection/refraction errors in which a droplet measured diameter is substantially different from its
actual size. Moreover, this configuration should increase the ability to discriminate and size only liquid
droplets in a mixed-phase environment. This feature is relevant since, for some icing wind tunnel
environment (e.g., air temperature and spray bar settings), an uncontrolled generation of “quasi-
spherical” ice crystals from droplet freeze-out occurs. Figure 4 shows the ADA probes and the PDI-4D
installed in CIRA IWT, with a preliminary comparison showing most of data within £10 % of agreement.
The PDI-4 dataset was collected in the high speed test section configuration in the period December
2019 - January 2020.

Typical Appendix C data processing (dmax < 100 pm)

Figure 5 shows an example of results of ADA probes for Appendix C, collected at the same cloud and
flow conditions (140 m s and sea level). Number density distributions looks very similar from 20 um
for the two probes and the maximum liquid water content is achieved at about the same diameter
(25,3 um and 24,6 um respectively for ADA_sm and ADA _Irg), as shown in the LWC distribution plots,
in dLogd scale in the vertical axes. In this plot, the X axis is the logarithm of the diameter bin, and the
Y axis is the LWC collected in each specific bin diameter divided by the logarithm of the ratio of the
upper and lower bin diameters (LWC/dLogd). The LWC within a diameter interval is proportional to
the area below the curve, and the diameter bin in correspondence of the half of this area represents
the MVD. The plot shows 8% of overestimating for ADA_Irg, which arises because of the different
optical configuration for ADA_sm. A larger fringe spacing in the ADA_Irg probe volume increases the
occurrence of particle coincidences, which explains the size overestimation after 20 um.
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Figure 5: Response of ADA probes under Appendix C conditions at 140 ms-1: concentration (left) and mass distribution
in dLogd scale (right) over particle diameter.

The two mass distributions with Gaussian shapes shown in the plot of Figure 5 exhibits a symmetrical
shift on the right of the ADA_Irg curve. The cloud parameters, like MVD and LWC, are derived from
PSD of ADA_sm for most of the Appendix C conditions since, in this range, it is more reliable and
avoiding the introduction of overestimation shown above with the ADA_Irg probe that is less sensitive
to small particles.
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Figure 6: Cloud conditions exceeding the max diameter of 100 um (over Appendix C) measured by ADA
probes in CIRA-IWT at high speed (140 ms-1). From top to bottom: concentration, mass distribution, and
cumulative volume fraction.

The example reported in Figure 6 is relevant to Appendix O, where the maximum bin diameter in the
PSD falls within the range of 100 um-500 pum. Composite PSDs were assembled for this particular
example using a combination of the number-concentration dataset from both probes. In particular, a
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composite spectrum was created using the first ADA_sm data from 1 um-49 pum with 1 um resolution,
and ADA Irg data at 5 um resolution from 54 pum -220 um. A similar behaviour between the two
probes is observed (see concentration curves in Figure 6), referring to the overlap region between 49
um-59 um and the concentration roll-off for ADA_sm after 54 um, justify ignoring the lowest
diameters of ADA_sm in favour of ADA_Irg. The cumulative plot (CVF) in Figure 6 shows the result of
the composition between the two probes. This example of a composite spectrum for case of dmax >
100 pum that foreseen a nominal 36.6 um MVD, 0.56 gm™ LWC test point shown in Figure 6 describe
typical data processing used at CIRA for phase Doppler systems. Reference curves of FZDZ-In
(continuous light blue line) and FZDZ-Out (dashed light blue line) are shown in the CVF plots to
highlight the current gap between the wind tunnel cloud and the requirement (FZDZ-In for this specific
case).

multi-beam High Speed Imaging (HSI)

This imaging technique (Bachalo et al., 2017) was developed in response to the need to characterize
particle fields in a wide range of liquid and icing cloud conditions or when the particles could be
nonspherical and have a range of different shapes. As described in Korolev (2007), imaging systems
using a single collimated beam illumination, like the OAP, will suffer obscuration by large drops outside
the measurement volume and can produce significant error due to depth of field effects on the size
particle characterization. Rather than utilizing a linear array to acquire the images, a CMOS two-
dimensional array imaging system is used in the HSI. The lasers used for producing bright field shadow
images are pulsed synchronously and have pulse duration of as little as 12.5 ns to “freeze” the particle
motion. The main target of HSI is to mitigate these depth of field errors minimizing the sampling bias
due to particle obscuration. That would contribute to more reliable and accurate hydrometeor size
distributions to improve liquid or ice water content (IWT or LWC) measurements. Indeed,
enhancement under mixed-phase conditions or when the particles could be non-spherical with a
range of different shapes are also expected. One of the most critical aspects expected from this new
technique was for better control of size and concentration measurement uncertainty due to
dependence of the depth of field (DoF) on the particle size. The drawbacks linked to this dependence
are the out-of-focus particles that, if not corrected with validation methods (Korolev, 2007) or
rejected, tend to be counted and measured, thereby introducing errors in the measurements.
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Figure 7: HSI probe optical configuration used for forming converging laser beams.
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To reduce this issue, HSI uses up to 6 diode lasers that are pulsed at duration of approximately 12.5
ns or 25 ns to freeze the motion of the particles. These multiple laser beams converging from different
directions to mitigate obscuration of the particles in the measurement volume (Figure 7).

With the use of converging beams, the shadows will propagate along the beam into the imaging lens.
The shadows produced by each beam will only overlap perfectly when the particles are at the beam
intersection and the focal plane of the receiving lens. At the beam intersection point, the shadows
from each beam will be superimposed to form a very deep shadow image of the particle. Particles at
locations away from the beam intersection as shown as planes 2 and 3 will not produce sharp shadows
since the shadows from each of the beams do not overlap. Particles that pass the beams outside of
the intersection will produce out of focus shadows on one or two of the beams but the shadows will
be obliterated by the other beams. Thus, obscuration by large particles outside of the focal plane is
mitigated. With use of intersecting beams, sharp shadows are only formed when the particles are at
the focal plane and the intersection of the beams as shown in this Figure 7. It is possible to note that
the shadows diverge with distance from the imaging systems focal plane. The HSI illumination system
besides to minimize noise due to out-of-focus particles in the optical path, helps to homogenize the
background illumination that is critical in achieving high resolution, high quality images .The Figure 8
providing an example of differences in the illumination sources comparing non-uniform background
illumination produced by six diode lasers (a) with those produced by three high intensity pulsed LEDs
with short wavelength (e.g. higher image resolution) (c). As reported in the HSI uncertainty section
below, producing a homogeneous background is critical in achieving high resolution, high quality
images. The background illumination plays an important role in the measuring the correct diameters.

1 ;. AL ’(a‘):'. © (b) |y °O (c)
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Figure 8: HSI illumination system improvement: lllumination produced by diode lasers which is relatively
non-uniform (a); droplet image with nearly white background produced by newly developed laser light
sources (b); high intensity pulsed LED drivers and light sources developed for HSI (c).

A detailed description of this technique for its operation and performance is reporting in the literature
(Esposito et al., 2019) for glaciated cloud conditions.

For liquid clouds, comparison between the PDI-4D and HSI have been performed in CIRA-IWT on July
2019. Results were affected by ice contamination on the HSI arms due to de-icing issues on these
probe components as shown in Figure 9. Additional experiments to compare the HSI performance
with PDI-4D and other optical spectrometers (1D2DX, CIPgs, and 2D-S) have been planned on
December 2021 at NRC-AIWT. Results will be submitted in a further version of this report.
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Figure 9: HSl installed in the high-speed test section configuration of CIRA-IWT during liquid cloud conditions.
The receiving window (left arm) is affected by ice contamination.

OAP-260X modified to 1D2DX probe

The OAP260X probe, originally designed by Particle Measuring Systems Inc. (PMS), is being upgraded
by SEA (Figure 10) under CIRA contract to obtain the dual-mode operation probe (1D2DX). The
objective is to generate two probe data output streams (1) the standard PMS 1D spectra characterized
by an optical magnification at 15 um of size resolution, and (2) monochromatic 2D images of particles
(64 diodes at 15 um size resolution) generated by adding or modifying optics and electronic
components. The 2D imagery will allow for a separate estimation of the PSD, where a more rigorous
treatment of false images and sizing corrections can be applied. The upgraded probe also provides
much higher frequency response, circumventing some of the problems associated with the standard
technology, but also requiring a more sophisticated image analysis to obtain accurate PSDs.

A%t

OAP26&X SEA 1D2iX

Figure 10: Rebuilding of CIRA OAP260X legacy instrument (left) to SEA 1D2DX (right).

The new architecture allows the 1D and 2D sections in the Field Programmable Gate Array (FPGA) to
share access to all 64 detectors

- 64 bits of shadow at the 50% level
- 64 bits of shadow at the 75% level (DOF- depth of field)
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While the 1D and 2D sections starts with the same information, the processing of each is different. 1D
implementation is to be as close as possible to the classic PMS 1D (OAP260X). 2D implementation
significantly enhanced from classic PMS 2D probes:

- Small and Large Particle rejection options
- Left and Right Edge independent rejection options
- DOF (75% shadow) multiple options

Below main 1D2DX features are summarised:

- Electronics and detectors capable of operation at 250 m/s with a resolution of 15 um.

- 15 um at 250 m/s gives a pixel duration of 60 nanoseconds across the array.

- Response time of the actual detectors is in the ns range, but is slowed to 60 ns which is
representative of 15 pm resolution at 250 m/s.

- Airspeed range is from below 1 m/s to 250 m/s.

- Maximum 1D rate 300,000 particles/second

To avoid the overload due to small particles typically generated by the wind tunnel spray technology
that produces a higher number density in comparison to the natural cloud environment, special 2D
rejection criteria has been developed by the manufacturer to set during operation for:

i) Small particle rejection from 0 to 65536 pixels. 0 is no small particle rejection, 1 is particle
image must be at least 1 pixel in length, 2 is 2 pixels minimum etc. This is very useful to
optimize the imaging of the 2D probe for large particles by rejecting particles below say 3 to
5 pixels.

ii) Edge rejection left/right/both from 0 to 65536 pixels. 0 is no edge rejection. 1 allows for one
pixel to touch the edge, 2 allows for two pixels, etc. Normally it will want to run with edge
rejection off, but the feature may be useful for doing “centre in” 2D image processing. The
number of pixels to use for edge rejection is independent for the left and right edges. This way
can allow for images to touch one edge but not the other.

iii) Large Particle Rejection. Allows for the rejection of particles that are larger than a set size.
Combined with small particle rejection, it makes it possible to optimize the 2D images for a
particular size range. This is proving to be very useful for spinning disk calibrations. 0 = no
large particle rejection.

iv) DOF rejection. This allows the use to specify how many pixels in the image must be 75% or
more shadowed. 0 = no DOF rejection, 1 = one pixel must be in the DOF, 2 = two pixels
minimum, etc. The original 2D probe had only on or off which is equivalent to DOF=1 on the
new probe.

The rejection and acceptance criteria are in the form of the counts not single bits. Each rejection is set
by a 12-bit counter. With this new approach probe working on DOF rejection criteria based on number
of pixels at 50% compared to pixels at 75%. For example, if an image is containing 100 pixels at the
50% level, it must have 50 pixels set at the 75% level. This would improve out-of-focus definition and
thus sample area.

With respect to the classic PMS-2D probe, the new probe can allow 2D images at 64 pixels wide instead
of 32 pixels and buffer is increased by 8K bytes from 4K bites with available extra unused memory that
may increase to 12K. The inter particle data (time bar) now consists of 4 64-bit slices with additional
information for each particle: number of pixels shadowed at the 75% (DOF) level; number of pixels
shadowed at the 50% (image) level; left/right/small/large/DOF particle rejection settings; 48-bit time
stamp. The image buffer always starts with a complete particle and last particle in the buffer always
has a time bar correlated. The image buffer may/will have blank data after the last particle if the next
particle reaches the end of the buffer before completion with a time bar.

Due to the pandemic crisis, a full 1D2DX assessment for both functionality and performance has not
been performed yet.

Fundamental testing on probe functionality has been limited to the SEA wind tunnel at low speed. The
overall performance evaluation is planned for December 2021 at the NRC-AIWT facility. The scope of
this testing will be the indirect comparison between the 1D2DX performance and the SPEC 2D-S, and
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direct comparison with two configurations of CIP-GS probes. The 2D-S probe will be used as primary
system during the CIRA-IWT calibration period (Jan.- Mar. 2022) while the CIP-GS will be used as
backup probes. A comparison between the algorithms for droplet imaging correction for out-of-focus
and fragmentation will also be considered.

4.1.2 Measurement Uncertainty of Selected Instruments
Phase Doppler Technique

The PDI methods have the advantage of measuring particle velocity and size based on the wavelength
of light. The wavelength of light is precisely known to four significant digits and does not change over
the lifetime of the instrument. However, the phase Doppler must be calibrated very carefully to
characterize the other measurement parameters that affect the results, such as: intersection angle,
effective detection volume size (for flux measurements) and signal processing electronics. A
calibration check is performed periodically on both ADA/PDI-4D probes at CIRA following the
procedures described herein.

Parameters that affect the measurement of droplet velocity are the laser beam intersection angle and
signal processing electronics

Laser beam intersection angle

A spinning disk apparatus as shown in Figure 11 may be used. With this approach, a carefully machined
and balanced metal disk is used that has a small aperture in it at a radius known to within + 0.01 %
uncertainty. The velocity of the target on the spinning disk is simply the distance travelled by the
aperture divided by the time per revolution or multiplied by the rotational frequency. That is:
®w O

Where “r” is the radius to the aperture (or bead, if backscatter is used) and “W” is the rotational
frequency in cycles/sec. The frequency can be set to any desired value and monitored with a calibrated
stroboscope with an uncertainty of + 0.005%. In the case shown, the rotational frequency for
calibration was 20,000 rpm (333.33 r s'Y). At this rotational speed and radius, the calculated velocity is
104.72 m s,

Small glass beads attacked to a
'<— needle inserted into the edge of the
" disk

Figure 11: Spinning disk mounted on a traversing stage used to define the measurement volume (a). Schematic
of the spinning disk showing the radii of the aperture (forward scatter) and glass bead (backscatter) (b).

Since a precision aperture of 100 um was used, the system was set up in the near forward light scatter
detection (light scattered primarily by diffraction). For velocity measurements, the receiver collection
angle has no effect on the measured velocity. Figure 12 shows an example of the calibration velocities
measured for ADA_sm (Channel 1). The expected value is 104.72 m s and the measured result is
104.715 m s’*. That is within + 5 mm s™ or + 0.01%.
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The measured ADA_Irg velocity (Channel 2) is shown in Figure 13. In this case the measured velocity
is 104.76 m s, whereas the expected velocity from the spinning disk is 104.72 m s*. Once again, the
value is within £ 5 mm s. Any differences in the calibrated value and the measured value will be
systematic, meaning that a similar percentage difference will hold over the entire velocity range.
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Figure 12: Velocity results measured for ADA_sm (Channel 1) using the spinning disk.
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Figure 13: Velocity results measured for ADA_Irg (Channel 2) using the spinning disk.
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Phase Doppler Calibration Method for the ADA Small and ADA Large Instruments

The ADA instruments were calibrated with the standard approach using a monodisperse drop
generator (MDG) as shown in Figure 14.

Figure 14: Layout of the ADA_sm undergoing calibration.

Figure 14 shows the drop stream passing the ADA sm laser beam intersection. Typically, the
instruments were calibrated using a number of drop sizes and instrument settings to ensure that all
parameters were covered. Before calibration with droplets, a phase calibration was performed which
accounts for any systematic phase shifts in the detectors, preamplifiers, cables, or other electronics.
This ensures that the reference base for phase measurements was completely unbiased. Several
different monodisperse sizes were generated using the MDG and measured with the ADA_sm and
ADA_Irg. The alignment of the transmitter was confirmed by using a microscope objective to ensure
that the beams are fully overlapped (better than 90%). This is accomplished by projecting the
expanded beams to a distant wall and observing the degree of overlap at the magnified sample

volume.

30 to 50 mm

Figure 15: Photograph and schematic showing the monodisperse drop stream aligned to the laser beam
intersection of the ADA_sm instrument.
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Examples of the drop size measurements for a typical calibration using the MDG producing a uniform
stream of monodisperse drops (Figure 15) are shown in Figure 16. Note that the droplets are measured
with a standard deviation of 1 um or less (less than 1% difference from the expected size).
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Figure 16: Measurements of the drop size for an expected drop size of 175.5 um.

The drop generator is adjusted while being observed by the ADA instrument. When the measured size
distribution is very close to monodisperse, a steady stream of uniformly spaced signals is noted on the
oscilloscope as shown in Figure 17. The measured size distribution is only one or two histogram bins
wide with the standard deviation of approximately 1 um or less (Figure 16). When this condition is
reached, the flow rate and signal frequency are used to calculate the droplet size. This approach was
used for several different frequencies and flow rates to produce a single linear calibration curve for
the instruments. The detector separations were adjusted so that the measured drop size for each pair
of detectors, AB, AC, and BC all produced the same size as the MDG, Figure 14.

Typical results are shown in Figure 17 for the ADA_sm instrument.

Figure 17: ADA_sm (a) and ADA_Irg (b) signals generated by the MDG during calibration setup.
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Test point

uv A W N =

MDG size

(rm)
85.4
96.3
134
142
153

D10 (um)

85
97
133
141
154

D30 (um)

85
97
133
141
154

Diff. in D10
(um)

0.4
0.7
1
1
1

PU
23/11/2021

% Diff.

0.5
0.7
0.8
0.7
0.7

Table 6: Generated monodisperse droplets sizes compared to the measurements by the ADA_sm after the

detector spacings were set using the droplet generator results.

Based on these calibration values, the calibrated detector separations were determined that provides
size range of 0.8 to 165 um for ADA_sm.

Repeating the same procedure also for ADA_Irg results are shown in Table 7.

Test point

1

2
3
4
5

MDG size
(um)

154
185
245
317
348

D10 (um)

155
186
247
321
344

D30 (um)

155
186
247
321
344

Diff. in D10

(km)
1
1

2
4
4

% Diff.

0.7

0.5

0.8
1
1

Table 7: Generated monodisperse droplets sizes compared to the measurements by the ADA_Irg after the

detector spacings were set using the droplet generator results.

Based on these calibration values, the calibrated detector separations were determined that provides
size range of 2 to 870 um for ADA_lIrg.

Multi-beams High Speed Imaging (HSI) probe

Imaging systems are very easy to calibrate using calibration reticles and other scaling devices. For HSI
it has also been used the monodisperse droplet generator (Figure 18) to provide real droplets of
known size to evaluate the sizing capability on spherical particles. The HSI software can provide the
location and size of each droplet within the imaging frame Agreement is generally excellent.

Figure 18: Monodisperse droplet simulation system to evaluate the sizing capability for spherical droplets.
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Figure 19 shows the response of HSI as particle is moved beyond the focal plane in order to
characterise the effective depth of field. For these experiments, glass beads of known size were placed
on a microscope slide and traversed along the optical axis of the imaging system. Bead sizes with a
mean diameter of 250 um % 3.7 um were used for the results shown in Figure 19a and 153 um £ 2.6
um for the results in Figure 19b.
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Figure 19: Depth-of-field measurements to characterize the HSI sample volume: (a) scanning a 250 mm sphere
along the imaging system optical axis; (b) measurements of the change in measured particle size with distance
from the focal plane f for particle in the size range of 153 um.

For this last case the crosses show the measurement repeatability. Software in-focus criteria (Esposito
et al., 2019) were applied as the means for limiting the apparent depth of field. It is possible to note
that the apparent image size decreases with distance from the focal plane, whereas for single beam
imaging, the apparent image size increases. The possibility of selecting laser beam intersection angles
that minimize the change in apparent image size with distance from the focal plane is an additional
parameter optimising for the calibration process.

The HSI image processing software has the ability to easily test different setup parameters (gray level,
shadow gradient, etc.) and functional relationships with the depth of field as a function of the droplet
diameter. These factors are included in the software image processing routines for correcting the
observed object sizing. The depth of field will vary approximately linearly with particle size. In Figure
20, an example of results from the experiments on depth of field as a function of object size show how
the observed depth changes with increasing size. Hence, the sampling statistics are affected by this
variation in the sample volume and must be corrected to obtain a reliable size distribution and mean
particle size. By simply typing in new empirically derived functional forms, the results for corrected
MVD and LWC are automatically updated to show whether the functional relationship was reliable or
not. This has been tested by direct comparison to other sizing methods and primarily, the phase
Doppler interferometer (PDI) method.

After developing a suitable equation describing the depth of field effect, it has been found that the
probe volume corrected (PVC) MVD values were in closer agreement to spray measurement results
obtained by other means. Further refinement of the functional relationships for depth of field can be
generalized over a much wider range of drop sizes.
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Figure 20: Experimental data acquired using multibeam illumination showing how the apparent depth of field
changes as a function of object size.

1D2DX probe (rebuild version of OAP-260X)

The full calibration of this probe by monodisperse dots to characterize the actual sample area was
plan to be performed at Environment and Climate Change Canada. The expected outcomes from this
calibration were the characterization of:

Dependence of depth-of-field vs. particle size Zpor(Do)

Sizing particles at different locations in the sample volume D(Z)
Sample area vs. particle size S (Do)

Size distortion function F(Dmeas)

HwNE

Due to the persistent COVID-19 pandemic crisis, the restriction in the act at ECCC has not allowed
performing this detailed calibration. Results on these detailed calibrations will be provided in the next
revision of this deliverable. Herein are reported only the results derived from magnification calibration
obtained with the spinning disk at the point of best focus between the arms for both 1D and 2D
sections (Figure 21).
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Figure 21: Result of the 1D2D-X probe calibration with spinning disk at 100 m/s: 2D section (a) and 1D section
(b) calibrations.

ICE GENESIS - H2020 - 824310 © ICE GENESIS Consortium Page 38



D4.1 Selection of instrumentation for PSD PU
23/11/2021

4.2 MinDef Icing Wind Tunnel

4.2.1 Selected PSD/MVD instrumentation
The selected instrumentation used in MinDef ATF is the combination probe CAPS_38 from DMT.

The CAPS_38 combines two instruments: CAS-DPOL (scattering probe type) and CIP (optical array
probe type).

The CAS-DPOL measurement technique is based on light scattering of particles similar to CDP probe
described in section 3.2 with a detection range from 0.5 um to 50 um. The CIP measurement technique
consists in recording two-dimensional images of particles crossing the individual detection region with
a detection range from 15um to 930 um (see section 3.2 for more details).

The combination of these two probes enables a measured size range from 0.5 um to 930 um, which is
suitable for addressing Appendix O FZDZ generated nowadays in MinDef ATF.

The CAPS_38 is a new instrument and replaces the formerly used FSSP instrument with up-to-date
measurement techniques and an extended measurable size range. The Figure 22 shows FSSP ad CAPS
instruments mounted in MinDef ATF.

Figure 22: MinDef FSSP (left) and CAPS_38 (right) within the MinDef icing tunnel.

An example of comparison between the FSSP and the CAS-DPOL part of the CAPS_38 is presented on
Figure 23. On this figure, for either the FSSP or the CAS-DPOL, both particle size distributions are
normalized to have 1 g/m3 total LWC.
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Figure 23: Normalized size distribution of MinDef FSSP and CAS-DPOL (CAPS_38) data.

The fast variations (few um scale) observed on the CAS-DPOL data do not exist in the actual cloud
distribution. As mentioned in section 3.2, the resonance of the Mie pattern can cause small errors on
the size determination of individual particles. Setting aside this issue, good agreement is observed
between the results of the two instruments, and both yield a MVD of 15 um.

Raw data from the CIP part of the CAPS_38 is analysed with OASIS software, which applies a specific
process on images for particle filtering (Korolev, 2007) in order to optimize measurements (section
3.2).

After resampling, the concatenation of the PSDs obtained with the CAS-DPOL and the CIP is carried
out using the CAS-DPOL data for particles <50 um and the CIP data for particles >50 um. An example
of such extended PSD with MVD of 35um is shown in Figure 24.

This concatenation requires the knowledge of the ratio between the sample volume of the CIP and
the CAS-DPOL. In case these two sample volumes are not known with enough accuracy, the CAS-DPOL
data is normalized in order to match LWC with the FSSP below 50 um, and the CIP data is normalized
in order to match LWC with the FSSP above 50 um. Such PSD combination is shown on Figure 24.
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Figure 24: Example of CAPS_38 extended PSD, and comparison with FSSP data.
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The same data combination technique can be implemented with the CAPS 37 to perform PSD
measurements in the MinDef ATF. This will allow measurements of larger droplets up to 1.55 mm with
a resolution of 25 mm suitable for the larger portion of the Appendix O FZRA conditions.

4.2.2 Measurement Uncertainty of Selected Instruments
MinDef CAPS combination probe

The CAPS_38 combination probe includes two instruments: a CAS-DPOL (scattering probe) and a CIP
(15 um resolution, optical array probe). They are calibrated with methods described below.

CAS-DPOL calibration

The CAS-DPOL collects forward-scattered light to determine particle size from 0.5 um to 50 um. The
probe collects also polarized back-scattered light to differentiate spherical from non-spherical
particles.

The manufacturer (DMT) performs a bin size calibration with certified monodisperse glass beads
during each maintenance. The particle size distributions are recorded with PADS software for seven
certified glass beads sizes (2 um, 5.4 um, 8 um, 15.9 um, 29.5 um, 42.3 um and 49 um) and registered
on a calibration report provided by DMT. The corresponding measured diameter are reported in Table
8 for the CAS-DPOL of CAPS_38 and CAPS_37.

Since the intensity of the signal depends on both the size and the refractive index of the particles, the
glass beads diameter measured by the probe is smaller than their actual size. This can be compensated
using “glass bead to water droplet conversion” tables derived from Lorenz-Mie scattering theory.

Certified glass beads Measured diameter CAS- Measured diameter CAS-
diameter (um) DPOL of CAPS_38 (um) DPOL of CAPS_37 (um)
2 2.0 2.1
5.4 5.8 6.7
8 9.0 9.2
15.9 14.1 14.5
29.5 245 255
42.3 32.9 33.8
49 37. 38.8

Table 8: Measured diameter of glass beads of different sizes for CAS-DPOL of CAPS_38 and CAPS-37 (extracted
from DMT calibration report).

Examples of PSD are shown in Figure 25 and Figure 26, extracted from CAS-DPOL calibration report of
the CAPS_38 for certified glass beads sizes of 15.9 um and 29.5 um. The measured diameters are 14.1
pum and 24.5 um, respectively. For comparison, the CAS-DPOL calibration report of the CAPS_37 gives
a measured diameter of 14.5 pum and 25.5 um for the same certified glass beads sizes (see Table 8).
These results highlight a similar particle sizing measurement of both CAS-DPOL.
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Figure 25: Example of PSD for glass beads diameter of 15.9 um for CAS-DPOL of CAPS_38 extracted from
calibration report. The upper limit size in um of each bin is indicated on top of each histogram bar.
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Figure 26: Example of PSD for glass beads diameter of 29.5 um for CAS-DPOL of CAPS_38 extracted from
calibration report. The upper limit size in um of each bin is indicated on top of each histogram bar.

DMT also provides calibration data with pine pollen that checks the polarized back-scattered signal.

During ATF Calibration at MinDef, an on-site PSD check with 29.5 um +/-1 um glass beads is performed
every time the probe is moved into or from the wind tunnel. Additionally, PSDs with lycopodium
spores are recorded every day the probe is used before and after calibration tests.

Since the instrument is very sensitive, any anomaly is likely to affect all size bins and affects the PSD
check of glass beads and lycopodium spores. It is assumed that the manufacturer calibration is valid
as long as no aberration is observed during on-site PSD checks.

If a deviation of more than two bins is observed during an on-site calibration check and persist after
routine maintenance operations (e.g. cleaning the laser windows), the preferred solution is to send
the probe back to the manufacturer for a full maintenance.

CIP calibration with spinning disk

The CIP is calibrated during each maintenance by DMT with a spinning disk presenting spherical
patterns of precisely known diameter of 50 um, 125 um, 250 um, 500 um and 1000 um. The pattern
size distribution and image example are recorded with PADS software and registered on the DMT
calibration report as shown in Figure 27. To ensure the manufacturer calibration validity during
calibration tests in MinDef ATF, an on-site calibration check with a similar spinning disk is performed
each time the probe is moved into or removed from the wind tunnel. The obtained pattern size
distribution is then compared to the size distribution given by DMT in the calibration report. If a
deviation of more than two bins is observed, the preferred solution is to send the probe back to the
manufacturer for a full maintenance.
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Figure 27: Pattern size distribution and recorded image of spinning disk extracted from CIP calibration report of
CAPS_38.

Since no depth of field correction is used, this spinning disk calibration of DMT is only valid for particles
near the focus centre. Moreover, the refractive index of disk pattern is different from water droplets
but the impact on measurements is not evaluated by DMT. Therefore, a calibration with water
droplets is preferred.

CIP calibration with monodisperse droplets generator

In order to complete the DMT calibration report, MinDef collaborated with the LaMP laboratory in
Clermont-Ferrand to perform additionally water droplet measurements along the laser beam area of
the CIP.

A monodisperse droplet generator mounted on a two-axis table is provided by the LaMP. This setup
enables to move the droplet generator along the laser beam path of the CIP. The frequency and air
pressure of the droplet generator as well as the distance between the droplet generator and
collimated beam of the CIP are optimized to obtain the most repeatable and spherical particle in the
region of the CIP laser beam.

In parallel, a fast camera coupled to a LED pulsed light source is able to record images of water droplet
jet from the droplet generator. The pulse width of the light source is 1 us allowing to avoid particle
blurring in the image. The average resolution of the camera is 9.1 um/pixel. The CIP of both MinDef
CAPS_38 (15um resolution) and CAPS_37 (25 um resolution) have been characterized. The setup is
shown in Figure 28.
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monodisperse droplets generation monitored sample area

Figure 28: LaMP calibration stand with MinDef CIP sampling area beneath the droplet generator.

Tested Particle size
The calibration procedure is established considering:

- the cloud conditions for which the CIP is used

- the capabilities of the calibration equipment.
When combined with the CAS-DPOL, the useful range of the CIP is above 50 um, representing SLD
populations, and its calibration is performed according to ICE GENESIS criteria recalled in section 3.1.
However, calibration is performed with a monodisperse droplet generator not able to generate all size
distributions of the App O, but only a few representative sizes.

The particle size generated produced by the droplet generator can be principally adjusted by the size
of the pinhole coupled to the piezoelectric system. Four pinhole sizes were tested during our
calibration campaign giving particle sizes around 120 um, 250 um, 400 um and 900 um. These droplet
sizes are representative of App O distributions, as shown in the following Table 9:

Quadrant Highest contribution size Selected droplet size
during calibration

FZDZ < 40 um 20 pum and 80 um 120 um
FZDZ > 40 um 200 to 300 pm 250 pm
FZRA <40 um | 20 pm and 800 to 900 um 900 pm
FZRA > 40 um 600 pum 400 um

Table 9: Highest contribution droplet sizes for each App O quadrant.

Detection level intensity and analysis of CIP images

The CIP of both CAPS_38 and CAPS_37 is a single particle imaging system. As a particle passes through
the laser beam, a shadow image is projected on the photodiodes. This image is captured by recording
the intensity level of light during the passage of the particle. The particles size is directly linked to the
total number of occulted diodes. In the earliest implementation of such OAP, images were recorded
in black and white, i.e. a photodiode was determined as ,,ON" (black) or ,,OFF" (white). The MinDef
CIP is a GrayScale imaging probe permitting to define what minimum percentage decrease of light

intensity will denote the presence of a particle. Therefore, the images are constructed from the levels
of “gray”.
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Three gray levels have been configured in the PADS software representing 30%, 50% and 70% decrease
in light intensity on the photodiodes. Even if the images were recorded with 3 levels of gray, the
diameter analysis was performed by taking into at least 50% decrease in light intensity. This leads to
use the correction method described by Korolev (2007).

Tested area

During the test campaigns, a particle cloud passes through the collimated laser beam between the
two arms of the CIP. The laser beam area where particles pass is defined by the distance between the
two arms of the CIP (D.rm=70 mm) and by the number of active photodetector (Ngetector =62) multiplied
by the probe resolution (15um or 25um).

Sbeam=Darm * Ngetector *Probe resolution

This leads to 65.1 mm? for the 15 um resolution CIP (CAPS_38) and 108.5 mm? for the 25um resolution
CIP (CAPS_37). As a particle passes through the beam at further distance from the focal plane,
diffraction effects cause the particle shadow to increase in size and decrease in intensity. These
particles are considered "out of focus" leading to an imaged particle with hole known as “Poisson
spot”. Examples of measured “in focus" and “out of focus” particles with the CIP of CAPS 38 are
presented in Figure 29.

= “Poisson spot”
due to diffraction
’ effect

“in focus” particle
Y=0mm

“out of focus” particle
Y=-20mm

Figure 29: ”In focus” and “out of focus” particles obtained at Z=0 mm and Z=-20 mm, respectively. Colors
represent an intensity-decreasing threshold on photodetectors of 30% (blue), 50% (black) and 70% (orange).

A particle is detected only if it shadows a photodiode by at least 50%. Particles may not be detected if
they are too far out of focus, this especially limits the depth of field of small particles. For all tested
conditions in our calibration campaign, particles are large enough and the depth of field is limited only
by the distance between the two arms of the CIP. Diffracted particle diameter in the depth of field can
be corrected with Korolev algorithm implemented in the software OASIS.

A map of the tested discretized positions in the area of the laser beam is shown on Figure 30. The
orthonormal XYZ direction is defined as follow: the X direction is parallel to the horizontal
photodetectors bar, the Y direction is parallel to the vertical droplet jet and the Z direction is parallel
to the laser direction. The origin (X=0 mm, Z=0 mm) is defined as the geometric centre between the
two arms of the CIP.

The droplet generator is moved on seven different Z positions: -25 mm, -20 mm, -10 mm, 0 mm, 10
mm, 20 mm and 25 mm keeping the X position to 0 mm. Then, the Z series is repeated for two other
X positions on both end side of the laser beam. Due to the size of the droplet generator system, a lack
of 10 mm on both sides could not be characterized. Therefore, only 71% of the beam area has been
explored.
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Figure 30: Map of the tested discretized positions in the area of the CIP laser beam.

Acquisition and analysis protocol

For each tested position, data is recorded during 5 seconds with PADS software. A csv output file is
then generated and contains several data evaluated from a 1-Dimension Analysis. A raw image file is
also generated allowing two-dimensional image analysis with OASIS software.

From the csv file, the average diameter of particles can be determined in the X-direction parallel to
the photodetector bars with an acquisition frequency of 1 Hz. The PADS software has been configured
to consider at least a 50% intensity decrease on photodetectors for particle detection.

From the two-dimensional image file, the X-Diameter and Y-Diameter of each single particle can be
determined with OASIS software by considering at least a 50% intensity decrease as PADS software.

The X-Diameter measurements of 1-D and 2-D data are in good accordance with deviation less than
1% for each tested condition. The Y-diameter is strongly dependent of the True Air Speed (TAS), which
is considered to be the particles speed. Its value has to be entered manually in the case of calibration
with monodisperse droplets generator.

The speed of droplets jet can be determined in several ways. One could be to analyse the camera
droplets jets images and to calculate the velocity of particles by the known distance of droplet travel
and the time interval between each particle. Another way is to use the knowledge provided by the
camera that particles have spherical shape and find the speed for which the OASIS software gives an
identical X and Y diameter value.

Our analyse is focused on the X-diameter measurement as it is recommended in section below
allowing to be independent of the speed deviation when entered manually in the PADS software.

The diameter of particles is extracted from 2-D image files with OASIS software in the X direction for
each tested position and averaged along the laser beam path. The OASIS software is able to apply
Korolev correction in X-diameter on “out of focus” particles. Results are then compared to the average
particle diameter extracted from camera images.

Diameter measurement from ultrafast camera images

2-D Droplet jet images from the droplets generator are recorded in the (YZ) plane with the ultrafast
camera coupled to a pulsed light source for each tested position. The equivalent average diameter of
droplets passing through the laser can be extracted with an image processing software. As explained
above, the droplet generator parameters are carefully adjusted to have the most spherical droplet at
the laser position. At this point, to obtain a stable monodisperse jet of particles of 900 um is a daunting
challenge.

In Figure 31 and Table 10, the image and the average of equivalent diameter values are presented for
each generated particle size. As shown on particle zoom in the Figure 31, a hole corresponding to the
image spot of the light source, is visible in the centre of the particle shadow. This hole appears sharply
on the images when particles are in the focus of the camera and does not affect the diameter value.
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Figure 31: 2-D droplets jet images obtained with different pinhole sizes (left pictures) with a zoom on particles
passing through the laser beam (right pictures).

X-Diameter measurement with CIP along the laser beam length

The X-diameter measurement averaged on all Z tested position is presented in Table 10 for each
generated particles size with and without Korolev correction for CIP of CAPS_38 (Table 10 (a)) and
CAPS_37 (Table 10 (b)). A percentage of deviation from the camera diameter measurement is
evaluated and also presented.

From these results, the CIP average diameter measurement shows a high deviation compared to
camera measurement when Korolev correction is not applied for the two probes. Especially, the
smaller the size of the generated particle is, the more important the deviation is, highlighting an
increase in the diffraction effect when reducing the particle size. This deviation can reach more than
30% for particle size of 120 um for the two probes. When Korolev correction is applied, the deviation
is reduced and does not exceed 7% and 11% for all tested particle sizes in the case of CAPS_37 and
CAPS_38 measurement respectively.

This highlights the efficiency of the Korolev algorithm to correct the diffraction effects especially for
small particles sizes, and the gain of its utilization.
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Measured diameter for CIP calibration (CAPS_38)
Pinhole size Camera CIP without Korolev CIP with
(um) (um) correction (um) | Korolev correction (um)
35 125.3 163.9 (+30.8%) 134.2 (+7.1%)
100 211.8 258.7 (+22.1%) 225.4 (+6.4%)
200 385 443.6 (+15.2%) 428.8 (+11.3%)
(a)
Measured diameter for CIP calibration (CAPS_37)
Pinhole size Camera CIP without Korolev CIP with
(um) (um) correction (um) | Korolev correction (um)
35 124.7 167.2 (+34%) 133.7 (+4.9%)
100 227.4 268 (+17.8%) 238.5 (+4.8%)
800 878 951.1 (+8.3%) 933.9 (+6.3%)
(b)

Table 10: Camera and CIP diameter measurements averaged along the laser beam path for different pinholes
sizes for CIP calibration of (a) CAPS_38 and (b) CAPS_37. Given in the brackets are the percentages of CIP
measurement deviation from the camera measurement.

Results of the X-diameter average measurements with and without Korolev algorithm are presented
for each Z tested position along the laser beam path and for each pinhole sizes for CIP of both CAPS_38
(Figure 32) and CAPS_37 (Figure 33). The standard deviation of the X-diameter for each tested position
and for each particle sizes is smaller than the probe resolution (15 pm for CIP of CAPS_38 and 25 um
for CIP of CAPS_37).

For all Z tested position, the presence of “Poisson spot” on particle images does not clearly appear for
particles size of 400 um and 900 um highlighting a reduced diffraction effects in this range. Therefore,
the X-diameter determined with and without Korolev correction exhibits the same value for each
tested position except at the focal point of Y=0 mm for CAPS_38 (see Figure 32(c)) and Y=-10 mm for
CAPS_37 (see Figure 33(c)). Indeed, when particles are at the focal point, a hole appears on the CIP
particle images as observed in the camera images in Figure 31. This hole generated on particle images
at the focal point due to residual refracted light has to be differentiated from the “Poisson spot” when
particles are out of focus. This phenomenon is not taken into account in the Korolev algorithm
resulting in a correction that under evaluates the diameter of particles at the focal point (Y=0 mm for
CAPS_38 (see Figure 32(c)) and Y=-10 mm for CAPS_37 (see Figure 33(c)) for the tested 400 um and
900 um particle sizes. This hole is also supposed to appear at the focal plane for smaller particles but
the resolution of the probe is too low to detect them. However, the impact on the average X-diameter
along all Z tested position is negligible as a good accordance is observed between the average CIP X-
diameter with Korolev correction and camera average diameter as shown in Table 11.

This result also highlights a shift of the CIP focal point of CAPS_37 confirmed by the behavior of the X-
diameter along the tested Z position as shown in Figure 33. Indeed, the minimum X-diameter value
without correction is not obtained at the centre of the two arms, i.e. not at the Z=0 mm position but
at the Z=-10 mm position. This shift is believed to be due to misalignment of the collection optics
focusing on the photodetector. DMT will be asked to correct this misalignment during the next
maintenance.
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This shift of the focal point has no significant impact on X-Diameter measurement for tested particle
size as we correct the diameter with Korolev algorithm and all particles are in the depth of field and
detected by the probe. Indeed, by applying the Korolev correction and averaging the X-diameter for
all tested position, a diameter deviation of less than 7% compared to the camera measured diameter
for each tested particle size is observed as shown in Table 11.

An asymmetric behavior is observed on X-diameter value along the CIP beam path of CAPS 38. It is
clearly visible in Figure 32 (c) for the tested 400 um particle size. In this case, the X-diameter shows a
linear behavior along the beam path instead of curved symmetric behavior centered at the focal point
as expected. This highlights an underestimated diameter measurement for Z<Omm position and
overestimated diameter measurement for Z>0 mm. This asymmetric behavior is assumed to be due
to misalignment of the optical system. It is less pronounced for the 120 um and 250 um tested particle
when no correction is applied as shown in Figure 32 (a) and Figure 32 (b). When Korolev correction is
applied, the asymmetry is visible where the diameter measurement is under evaluated for Z<0 mm
position and over evaluated for Z>0 mm.

However, this asymmetric behavior has small impact on 120 um and 250 um particle size
measurements when Korolev correction is applied and the maximum diameter deviation does not
exceed 8%. It starts to be significant for particle size of 400 um, with diameter deviation exceeding
10%. DMT will be asked to correct this misalignment during the next maintenance.
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Figure 32: Average X-diameter measurements for discretized Z position along the beam length and X=0mm for

CIP of CAPS_38 (15 um resolution), for (a) 120 um, (b) 250 um and (c) 400 um droplets.
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Figure 33: Average X-diameter measurements for discretized Z position along the beam length and X=0mm for
CIP of CAPS_37 (25 um resolution), for (a) 120 um, (b) 250 um and (c) 900 um droplets.
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X-Diameter measurement with CIP along the laser beam width

The particle size measurement has been checked along the width of the laser beam, i.e. for different
X positions, for the 120 um and 250 um particle sizes. A good agreement is observed of the X-diameter
measurement in the centre and on each side of the laser width. The measurement deviation of each
side X-diameter compared to centre is less than +/- 10% for the two probes.

Particle count

The particle count of the CIP probe is an important parameter to evaluate the Liquid Water Content
and to perform combination measurements. The number of particles per seconds delivered by the
droplets generator is directly related to the frequency of the piezoelectric system.

The csv files of the PADS software indicate the number of particles per seconds from 1-Dimension
data. From OASIS software, the number of particles per seconds can be extracted from 2-Dimension
images data.

Results of the averaged particles counts along the beam path are presented for each tested particle
size and compared to the frequency of the droplet generator system for CIP of CAPS_38 (Table 11 (a))
and CAPS_37 (Table 11 (b)). It is noticed that the count extracted by the PADS software is in good
accordance with the droplet generator frequency with a deviation of less than +/- 0.5% for each tested
condition. From the count extracted by OASIS software, some tested conditions highlight good
accordance with the PADS software and generator frequency as shown in Table 11 and Figure 34 (a),
whereas others reach negative deviations of more than 50% (see for example Figure 34 (b)).

The high amount of data generated by the 2-Dimension images is assumed to introduce a dead time
during the recording avoiding a complete record of all particles. In order to calculate the LWC value, a
ratio needs to be applied on particle count from 2-Dimension data to match with the 1-Dimension
data for which the particle count is correct. This applied ratio leads to prevent any under evaluated
count due to dead time on the 2-D data.

Pinhole size Q::;?(egti Droplets generator PADS count OASIS count
(um) e frequency (Hz) (part/s) (part/s)
35 125.3 5812 5792 (-0.3%) 5833 (+0.3%)
100 211.8 10200 10179 (-0.2%) 4821 (-52.8%)
200 385 7332 7326 (-0.08%) 3379 (-54%)
(a)
Pinhole size 3:’:;?;‘: Droplets generator PADS count OASIS count
(um) e (] frequency (Hz) (part/s) (part/s)
35 124.7 5812 5808 (-0.1%) 5843 (+0.5%)
100 227.4 10196 10198 (+0.01%) 9643 (-5.5%)
800 878 1760 1752 (-0.5%) 1759 (-0.01%)
(b)

Table 11: Droplets generator frequency compared to PADS and OASIS count average for CIP of (a) CAPS_38 and
(b) CAPS_37. The deviation percentage of PADS and OASIS compared to generator frequency is presented in
brackets.
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Figure 34: Particles count per seconds for different tested Z position along the beam length from PADS and
OASIS software for (a) 100 um pinhole size of CIP of CAPS_38 and (b) 35 um pinhole size of CIP of CAPS_37.
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4.3 RTA Icing Wind Tunnel
4.3.1 Selected PSD/MVD instrumentation

Malvern Spraytec:

RTA uses the Malvern Spraytec instrument for the calibration of their Appendix C icing cloud
conditions. Some measurement campaigns under Appendix O conditions have already been
performed using the Spraytec device. Figure 35 shows the device in a protective housing (an improved
housing is planned for future measurements) mounted in the center of the test section of the IWT.
The Malvern Spraytec can be equipped with either the 300 mm lens (measurement range: 0.1 — 900
pm with MVDs from 0.5 — 600 um) or the 750 mm lens (measurement range: 2 — 2000 um with MVDs
from 5—-1600 pum).

Figure 35: Malvern Spraytec in protective housing mounted in the RTA IWT.

Given the broad detectable droplet size range and bin resolution, the Spraytec, in theory, should be
capable of measuring the complete bimodal distributions of FZDZ (using the 300 mm lens) and FZRA
(using the 750 mm lens) with a single instrument.

However, experience has shown that measurements at test section airspeeds of higher than 50 m/s
are very difficult due to high transmission values and increasing instabilities (vibrations). The multi-
modal drop-size measurement capability of the Malvern Spraytec system was investigated by
Triballier and Dumouchel (Triballier et al., 2003), with the conclusion, that the measurement behavior
of a spatially inhomogeneous bi-modal spray with a large drop diameter interval (50 um and 200 pm)
is reliable. RTA compared the measured FZRA PSD in the IWT (both modes spraying simultaneously)
with individual measurements of the two modes using a single nozzle in the spray nozzle test rig
outside of the IWT.

The bi-modal FZRA PSD was recreated based on the individual PSDs and water flows (small mode: 21
pum, 0.33 g/s, large mode: 0.90 g/s, 634 um). Figure 36 shows an overlay of the two PSDs and the FZRA
> 40 um requirement. Good agreement between the measurement in the wind tunnel and with the
nozzle test rig was obtained.
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Figure 36: Freezing Rain MVD > 40 um particle diameter distribution, comparison of injected droplet diameter
distribution vs. test section distribution, measured with Malvern Spraytec.

Figure 37 shows two of the measured PSDs for FZDZ MVD > 40 um conditions at a test section airspeed
of 40 m/s using the 300 mm lens. Measurements with the same spray nozzle setup performed at
airspeeds ranging from 20 m/s to 50 m/s have shown no significant airspeed influence on the PSD.

Figure 38 shows the measured PSD for a FZRA MVD > 40 um condition at 47 m/s test section airspeed
using the 750 mm lens.

RTA intends to use a rented (externally calibrated) Malvern Spraytec instrument with the 300 mm lens
for the calibration of the FZDZ conditions in WP6. In order to investigate the spatial distribution of the
droplet sizes and to check the PSDs at higher test section airspeeds the DLR CAPS probe is intended to
be used, mounted on a 2D traversing unit.
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Figure 37: Measured FZDZ MVD > 40 um PSDs compared to the Appendix O requirements (left), Malvern
Spraytec output for a FZDZ condition at 40 m/s with the 300 mm lens (right).

ICE GENESIS - H2020 - 824310 © ICE GENESIS Consortium Page 53



D4.1 Selection of instrumentation for PSD PU

23/11/2021
Tr s Py
= Appendix O Freezing Rain MVD > 40 um wa J:..Ail‘v:;:
= = =Measured FZRA > 40 um (Malvern Instruments Spraytec) / i
0.8 | Measured FZRA > 40 um (CIP Droplet Measurement Techn.) ,'
)
& o6l
20
)
=
©
S04}
£
=1
© =
0.2+
0 mni '
100 10° 10° 10° =
Droplet Diameter [um]

Figure 38: Measured FZRA MVD > 40 um PSD compared to the Appendix O requirements (left), Malvern
Spraytec output for a FZRA condition at 47 m/s with the 750 mm lens (right).

DLR instrumentation: FCDP/2D-S/PIP

In April and August 2019 measurements with DLR PSD instruments were performed in the RTA IWT.
The aim was to test the availability of the instruments for SLD conditions and to further characterize
the IWT. The following instruments from DLR were installed simultaneously in the test section (Figure
39):

- FCDP: 1.5 pm =50 um

- 2D-S:5pm—1285 pm

- PIP: 50 pm - 6450 um

Figure 39: PIP, 2D-S and FCDP (left to right) installed in the test section of the RTA IWT.

In April 2019 measurements were performed with just the FCDP/2D-S combination probe. For FZDZ
conditions with an MVD larger than 40 um two different spray settings of the RTA spray bar systems
were tested. The test conditions were optimized for the position of the 2D-S. For each test point the
1 Hz data of both instruments were averaged over a period of constant spray and recording conditions
for at least 60 seconds. According to Cober & Isaac (2012) a normalized droplet spectrum with a 1 um
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resolution was determined. Between the midpoint diameters of each original size bin an interpolation
based on a linear fit was performed. The overlap size range between FCDP and 2D-S was set at 25 um.
The cumulative mass plot in Figure 40 shows the composite of both probes. The maximum diameter
measured with the 2D-S for those FZDZ conditions were 560 um. The expected MVD was 100 um —
the determined values from FCDP/2D-S were 97.03 um (FZDZ_1) and 120.50 um (FZDZ_2).
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Figure 40: Measured FZDZ MVD > 40 um conditions compared to the Appendix O requirements. FCDP/2D-S
combination probe, overlap at 25 um.

In August 2019 the FCDP/2D-S combination probe was complemented with a PIP to perform
measurements with a main focus at Appendix O FZRA conditions with an MVD larger than 40 um. The
measurements were optimized for the PIP in the centre position of the IWT test section. Several tests
at different wind tunnel speeds (30-80 m s!) and wind tunnel temperatures (-5°C ... +2°C) were
performed. In Figure 41 the cumulative plot for an example for FZRA conditions (MVD > 40 pum) at 60
m s and an expected MVD of 550 um is shown. As before, the measurements of the single
instruments were averaged over a period with constant conditions and interpolated to a 1 um
resolution in the droplet spectrum. The overlap size range between FCDP and 2D-S is at 40 um and
the overlap between 2D-S and PIP was set at 550 um. At these size ranges the instruments show similar
droplet number concentrations. For the 2D-S a nominal particle size range of 5 um to 1285 um is given.
Experiments show that particles larger than 800 um are represented with a high uncertainty in the
droplet spectrum and may not recorded entirely due to a low sampling statistic. The maximum droplet
diameter measured with the PIP at FZRA conditions in the RTA IWT was at 1500 um.

The mass fraction of small droplets up to 40 um size measured with the FCDP is higher than measured
with the Malvern instrument. Coincidence and shattering effects were not present during the
measurements. Therefore, the discrepancy between both measurement techniques has to be
investigated further.
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Figure 41: Measured FZRA MVD > 40 um condition compared to the Appendix O requirements. FCDP/2D-S/PIP
combination, overlap at 25 um (FCDP/2D-S) and 550 um (2D-S/PIP).

DLR instrumentation: CAPS

For the calibration of the RTA IWT in Appendix O FZDZ conditions within WP6 the DLR probes FCDP/2D-
S were not available due to other measurement activities. As a replacement with same particle size
range the DLR probe CAPS was used. The CAPS is a combined probe of CAS-DPOL (0.5-50 um) and CIP
(15-930 pum). Measurements in the test section were performed at a tunnel airspeed of 60 m/s. The
expected MVD for the testing points were 100 um (FZDZ MVD > 40 um) and about 20 um (FZDZ MVD
<40 pp). The CIP data were processed using different correction methods as shatter, water processing
and Korolev correction. Additionally, a thermodynamic correction of the particle number
concentrations (Weigel et al., 2016) as well as a bin threshold study for the CIP (overlay to CAS-DPOL)
were conducted and applied.

Graphs were created depicting the particle size distribution and the derived cumulative liquid water
content in respect to the diameter (Figure 42). The horizontal line intersecting the latter curve allows
an estimation of the MVD. In this example, the MVD from the combined measurement of CAS-DPOL
and CIP results in 94 um. The expected MVD for this FZDZ condition with MVD > 40 um at 60 m/s was
100 pm.
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Figure 42: Cumulative liquid water content curve and number concentration per bin width in respect to the
droplet diameter.

For each testing point MVDs were calculated and compared to the estimates from RTA (Figure 43). As
can be seen, the determined values for the MVD differ slightly from the values estimated by RTA and
stay within a range of + 15 % deviation.
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Figure 43: MVD estimated by RTA and calculated by DLR. Orange marked data symbolize values determined by
DLR with no estimate provided by RTA.

4.3.2 Measurement Uncertainty of Selected Instruments
DLR CAS-DPOL at DLR:

The DLR calibration stand AQUAmMax2000 was designed to characterize the sample area/DoF of
scattering probes and OAPs. It is possible to perform calibrations of open path instruments (e.g. FDCP,
FFSSP, CIP) as well as closed path instruments (CAS-DPOL). The main component is a droplet module
to generate a monodisperse stream of water droplets, with a known number and droplet size. The
droplet rate can be adjusted. The drop-on-demand principle is used for the droplet generator (Lance
et al., 2010). A water stream is lead through a glass capillary, narrowing down into an orifice. The
orifice is surrounded by a piezo dropper that generates the single droplets. Currently, droplet
diameters between 16.6 um and 44.0 um are possible. Other droplet sizes are under evaluation with
new designed glass capillaries. A microscopic camera optic (CCD camera) is implemented to observe
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the droplet shape and dropper behaviour. An independent droplet size determination is possible
(Figure 44) (Hahn, 2019).

/ 44.{444

Figure 44: DLR calibration stand AQUAmMax2000: DLR CAS-DPOL mounted in the AQUAmax (left); CCD camera
(1), piezo dropper (2) and CAS-DPOL inlet tube (3) (upper right); 44 um water droplet emerging from a capillary
orifice (lower right).

The calibration was used to calibrate the sample area of the DLR CAS-DPOL. The manufacturer DMT
give a default value for the sample area of 0.25 mm?2 with an uncertainty of 20 %. Based on a calibration
with 16.6 um water droplets the sample area size is assumed to be lower (Hahn, 2019):

"YO ] ¢ T8t 10 A

A high-resolution beam mapping with 16.6 um droplets and a step width of 40 um by 20 pum was
carried out (Figure 45). The primary sample area is captured. Each pixel has been probed with a total
of 200 droplets. The primary sample area with the highest number counts is surrounded by a periphery
of reduced counting sensitivity. Also, an inhomogeneity in the counting efficiencies is observed.
Reasons may be instrument behaviour or droplet artefacts.
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Figure 45: High resolution beam mapping of the DLR CAS-DPOL with 16.6 um droplets and a step width of 40
um by 20 um. Colours represent the number of droplets per pixel (Hahn, 2019).
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4.4 CIAM Icing Test Cell
4.4.1 Selected PSD/MVD instrumentation

A wide choice of measurement instruments described in the section 3.3 above requires a critical
analysis of their applicability to investigations of the flow with supercooled large droplets (SLD). Local
flow accelerations, different fluctuations of mode parameters and other disturbances are often
observed in large industrial wind tunnels designed to simulate the full-scale conditions. Due to their
inertia, large droplets are very sensitive to such disturbances and likely can be deformed when moving.
A fundamental work (Bachalo, 1994) shows how critical the non-sphericity of droplets can be for
measurement methods based on the phase Doppler approach. Figure 46 shows that for the ellipsoidal
droplet with aspect ratio of 0.7 the uncertainties of measurements with the PDI and shadow methods
could differ by a factor of 1.5. It allows to make a conclusion about a limited applicability of the PDI
for the spectrum measurements large deformed droplets in modern technical systems.

o Phase doppler
O imaging system
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Figure 46: Schematic view of PDI measurements quality results and plots of droplet size measurements for non-
spherical particles with different techniques (Bachalo, 1994).

The operation distance of Fraunhofer diffraction-based commercial instruments available nowadays
is usually no more than 1m. The housing of these devices inside the altitude chamber for the tests in
climatic-altitude conditions is constrained by the requirements to the instruments. However, these
measurement systems are quite applicable for model wind tunnels of small size with corresponding
windows to allow the measurement equipment to reside outside of the altitude chamber.

The CCP can be used to measure large particles with the CIP as well as droplets of up to 50 um in size
with the CDP. The CIP allows consideration of the non-sphericity of droplets, but provides quite a low
resolution (15 um or 25 um) and is therefore inferior to a non-intrusive technique such as the shadow
method (see below). On the whole the device could be used in the flow under Appendix O to CS-25
(FAA, 2014) but it should be noted that to obtain a correct distribution of particle sizes with the CCP,
a time-consuming post-processing of data could be required.

The shadow method provides the size distribution of spherical and non-spherical particles and covers
a large dynamic measurement range. A relatively large field of view makes it possible to evaluate large
droplets with high accuracy. Moreover, there is a risk to obtain invalid data for the droplets smaller
than 20 um because of insufficient optical resolution. It is possible that comparison of readings
between the shadow technique and another instrumentation (e.g. the PDI or CDP) will be required.
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In the following, some basic information on the shadow method is provided.

Shadow method of particle analysis

The main principle of shadow method is illumination of a droplet flow with a light source to obtain a
shadow image on a camera, with the help of far-field optics and a magnification lens (Figure 47).
Droplet sizes are limited only by the camera image region and by the depth of field of the optical
system. The measurements result in not only a size distribution of droplets (as for example in case of
PDI or Malvern application), but also in particle shape, which is an important issue for the evaluation
of droplet non-sphericity, transition to possible further fragmentation along the flow, etc. Numerous
studies (Blaisot & Yon, 2005; Kapulla et al., 2007; Lad et al., 2011; De Cock et al., 2014) show that the
accuracy of digital processing of images taken using the shadow method is not inferior to results
obtained using PDI, even for small-size particles. However, if the particle flow is out of the focal plane,
the boundaries of out-of-focus droplets change considerably (Castanet et al., 2013). This problem was
solved with preliminary depth of field calibration (DoF criterion) and software processing of the
results.
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Figure 47: Principal operation scheme of the shadow method (Kapulla et al., 2007).

Modern software packages for processing, e.g. DaVis, LaVisionUK Ltd (LaVision, 2020), utilizes
methods to filter the particles by the blur level. For instance, methods based on gradients of gray level
on particle boundaries (Fantini et al., 1990; Lecuona et al., 2000) meet the processing tasks better
than the ones based on particle background contrast (Kim & Kim, 1994; Lebrun et al., 1996) for the
particles of typical size of more than 25 - 30 um (Koh et al., 2001). It is mainly due to the fact that
gradient estimation requires a certain region width to be set relative to the phase boundary. However,
with the development of optical instruments, the resolution and image quality are improving so the
threshold values of droplet size for the gray level gradient-based method could decrease.

When high-speed cameras are installed, it is possible to not only observe the shape of the particles,
but also to evaluate their absolute velocities.

An additional advantage of the shadow method over the systems based on light scattering by particles
is the possibility of direct viewing of droplets. It allows to respond to the change of parameters during
the tests and to control the operability of the measurement instrument.

It should be noted that the shadow method is not limited with 2D imaging of particle shapes. The
system of several cameras allows to obtain a 3D image as well (Figure 48). It helps to reduce such
effects as shadowing of a small droplet by a larger one.
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Figure 48: Operation principle of high-speed 3D shadow imaging (LaVision, 2020).

4.4.2 Measurement Uncertainty of Selected Instruments

Test rig

To study methods for evaluation of large droplet properties and to compare different measurement
instruments, CIAM developed a model rig that allows to generate large droplets of a given size.
Figure 49 presents a general arrangement of the test rig for calibration of droplet size measurement
instruments. It contains a monodisperse droplet generator, setpoint adjuster, high-speed camera,
shadow camera with short exposure time, CCP, light source, visualization system for monitoring.

To provide accurate positioning of droplets within the camera focus area and in the CIP beam, linear
displacement modules with manual position adjustment were used.

Figure 49: General view of the CIAM test rig.

Figure 50 presents a schematic arrangement of the monodisperse droplets generator. It consists of a
flow part on which the acoustic module is mounted, an inlet with pressure tester and a nozzle with
precision outlet hole. Its operation principle is based on the jet instability (Lord Rayleigh, 1878)
produced by vibrations at a given frequency. Sinusoidal voltage of the frequency within range from
1kHz to 100 kHz and amplitude of 24V is applied to the acoustic module. Droplets are generated with
holes of 0.1 mm, 0.2 mm, 0.4 mm in diameter.
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Figure 50: Scheme of the used monodisperse droplet generator.

Typical droplet diameter of monodisperse flow could be evaluated by formula (1):

o0
e, 1

]

where U — volume flow rate of liquid,
"Q- induced oscillation frequency

High-speed imaging of droplet generation process was performed with Optronis CamPeform-CP70-2
camera that provides 1920x1080 resolution at frame rate of 1087 fps and allows to increase frame
rate up to 250000 fps lowering the resolution to 256x8px.

Shadow images were taken using a Baumer VCXG-51C camera with 2448x2048px resolution and 1 ps
minimum exposure time. The camera was equipped with telecentric lens with an operating distance
of 365 mm and image format of 8.8x6.6mm for 2/3" sensor.

IDT Castellation 120E model was utilized as a light source, it provides light output up to 22 000 lumens
and supports operation in continuous and pulse modes.

Before the tests, the shadow and high-speed cameras were calibrated with a calibration ruler
presented in Figure 51 and with a wire of 120 um in diameter. The CIP was calibrated with rotating
disk according to the manufacturer's procedure.
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Figure 51: Calibration ruler.

Results of experimental comparison of CIP and shadow method

As the CIP readings depend on droplet velocity, at the first stage of work it was necessary to obtain
velocities of droplets released from the generator. For that purpose, they were recorded by the high-
speed camera with the calibration ruler in the background. The velocity can be calculated by the
known distance of droplet travel and the time interval between the corresponding images (Figure 52).

The CCP was installed with the use of precision equipment that provides accurate positioning of the
laser relative to the jet leaving the generator. Process of measurements with the CIP module is shown
in Figure 53.
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Figure 52: Visualization of droplet displacement with high-speed camera. a) for hole of 0.1 mm in diameter; b)
for hole of 0.2 mm in diameter, ratio Q_1/f_1, c) for hole of 0.2 mm in diameter, ratio Q_2/f_2; d) for hole of
0.4 mm in diameter.

Droplet images were obtained by shadow camera with frame rate of 24 fps and exposure time of 1 ps.
Short exposure time allowed to avoid particle blurring in the image. The whole library of images was
post-processed with a special software package. Examples of post-processed shadow images are
presented in Figure 54 - Figure 57.
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Figure 54: Typical shadow images of droplets at the moment for the hole of 0.1 mm in diameter.

ICE GENESIS - H2020 - 824310

© ICE GENESIS Consortium

Page 65



D4.1 Selection of instrumentation for PSD PU
23/11/2021

Figure 55: Typical shadow images of droplets at the moment for the hole of 0.2 mm in diameter, ratio Qi/f1.
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Figure 56: Typical shadow images of droplets at the moment for the hole of 0.2 mm in diameter, ratio Qz/f.
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Figure 57: Typical shadow images of droplets at the moment for the hole of 0.4 mm in diameter.

Accuracy of size estimation with the shadow camera is determined by a sensor resolution, optical
resolution of lens and accuracy of preliminary calibrations. The absolute uncertainty of measurements
for droplets of more than 100 um in diameter was 3 um. However, we should note that because of
a relatively low resolution of the CIP, measurement instruments were compared with 25um interval.

Figure 58 - Figure 61 present the comparison of size spectra obtained with CCP and shadow method.
The relative amount of droplets was calculated by the following formula:

.0 .

b —h )
0

where 0 —total amount of particles at the "@h 25um interval,

0 —total amount of particles in the whole spectrum.
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Figure 58: Droplet size distribution obtained with CCP and shadow method for the hole of 0.1 mm in diameter.
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Figure 59: Droplet size distribution obtained with CCP and shadow method for the hole of 0.2 mm in diameter,
ratio Qi/f1.
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Figure 60: Droplet size distribution obtained with CCP and shadow method for the hole of 0.2 mm in diameter,
ratio Qz/f>.
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Figure 61: Droplet size distribution obtained with CCP and shadow method for the hole of 0.4 mm in diameter.

The comparison shows good agreement and correlation of data obtained with CCP and shadow
method within the size range from 250 um to 750 um. It should be noted that droplets larger than
600 um become highly non-spherical. As the analysis is performed in a two-dimensional plane without
considering droplet extension in the third direction, Figure 61 presents the increase of the spectrum
from 600 um to 750 um at the constant diameter of the hole. As expected, doubled frequency and

flow rate at the constant — ratio does not change the maximum droplet size.
During the operation of the monodisperse generator the neighbouring droplets sometimes

coagulated and formed drops of a larger radius registered by the shadow camera and the CCP.
Coagulation process is shown in Figure 62.

Figure 62: High-speed camera images a) approaching of droplets; b) coagulation process; c) droplet of larger
radius.
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Coagulation of two neighbouring droplets doubles the volume, and radius of a new droplet could be
found by the ratio of volumes:

wee Yae P (3)
o v ¢
Y VOY pg @Y (4)

where @ @ & ®e volume and radius of a new droplet (after coagulation)

This phenomenon widens the measured size spectrum of droplets upward that is shown in readings
on the CCP in Figure 58, and Figure 59.

Table 12 presents the comparison between instrumentation relative errors and theoretical values
calculated by formula (1).

Hole Ratio Droplet Q ,|Q |, Q ST
diameter, ey velocity, Hm Hm um % %

mm m/c
1 0.1 0.0358 4.8 300 264 266 12.7 0.7
2 0.2 0.113 3.3 375 380 391 4 2.8
3 0.2 0.1149 3.3 375 383 393.5 4.7 2.6
4 04 0.582 2 650 649 676 3.8 3.9

Table 12: CIAM CCP and shadow method relative errors compared to calculated values for different pin hole
diameters.

The obtained results lead to the conclusion that the CIP and shadow method can be used for
measurements of large particles in the flow. Here the resolution of the shadow method is higher than
the one of the CIP so it ensures more accurate measurement results. It should be noted that the
comparison was performed at low velocities of droplets that could add additional errors to the CIP
readings. Moreover, the low velocity simplified the task of sharp imaging with the shadow camera. In
real tests, the velocities could reach the values of more than 100 m/s that will lead to blurred images
of droplets at the exposition of 1us. To avoid this effect, it will be necessary to use pulse light sources
of high power with an exposure time of about 10 ns.

Further on it is planned to compare the instrumentation within the extended range of measured
parameters and to eliminate the influence of droplet coagulation.
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4.5 TsAGI Icing Wind Tunnel
4.5.1 Selected PSD/MVD instrumentation

Impactor (droplet sedimentation) technique:

Measurement of the droplet sizes in the airflow can be performed using a special droplet intake device
- the impactor (Figure 63 on the left). The impactor is a metal tube with probe under shutter in the
end. The probe consists of three truncated hollow textolite cones glued to plexiglass plate (Figure 63
on the right). The hole diameter is just over 1 mm. Immediately before the experiment, the cones are
filled with silicone oil. The shutter limits the probe exposure time in the gas-droplet flow. The impactor
is put into the flow with the closed shutter, then it is opened for a short time. The shutter opening
time (exposure) is selected on the basis of the following conditions: on the one hand, it should not be
too short so that enough drops get into the probe, on the other hand, over a long time the flow may
blow oil out of the probe, or too many drops will be caught, which will create difficulties in data
processing. Next, the probe is taken away from the impactor to the microscope and pictures of the
drops suspended in oil are taken (Figure 64 on the left). The next step is measuring droplets sizes on
the photo and getting particle size distribution (Figure 64 on the right). However, this distribution is
not true, since due to the airflow around the impactor, not all droplets enter the probe, and it should
be modified considering the collection efficiency coefficient.

This method of computing the PSD is direct and rather easy, but has some restrictions on the
maximum and minimum droplet sizes. The maximum droplet size is limited by the size of the probe
hole and is about 0.5 mm. The minimum droplet size is limited by 3-5 mm depending on the airflow
velocity because of the airflow around the impactor and the zero collection efficiency coefficient
exhibited by small droplets. Also, the method is time consuming in comparison with other methods
and its accuracy depends on the collection efficiency recalculation technique.

textolite
cone

| plexiglass |

Figure 63: General view of impactor (left) and probe image (right).
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Figure 64: Example of drops image from microscope (left) and particle size distribution (right).

Shadow method of particle sizing.

Nowadays TsAGlI uses its own code to process shadow patterns of particles. A method based on a gray
gradient at the particle boundary is used to identify particles located within the depth of field.
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Calibration consists of finding the dependence of the blur level of the calibration plate markers on
their size and the position of the plate in depth of field. The result of shadow images processing is the
distribution of particles in size and shape.

A high-speed camera is used for registration. The image on the matrix is formed by a long-distance
microscope. The backlight is provided by a single LED and collecting lens. The pulsed operation of the
LED is provided by a high-frequency pulsed transistor switch gate.

The algorithms and optics used for image processing make it possible to measure droplets with a
diameter more than 20 um. In the future, to determine the accuracy of shadow method
measurements, it is planned to compare the measurement results for Appendix C by the shadow
method and the PDI. In addition, TsAGI plans to acquire a commercial system manufactured by
LaVision.

An example of use in Appendix P.

The shadow method was tested on an air-cooling stand (Figure 65). Crushed ice crystals were added
to the stream. The dimensions of the crystals were investigated in front of the metal plate installed in
the flow at an angle of 45 degrees (Figure 66).

Figure 65: Experimental setup and typical acquired image: 1 — light source; 2 — camera; 3 — long distance
microscope; 4 — plate.
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Figure 66: Results of ice crystal size and form analysis. a — equivalent diameter distribution; b — sphericity
distribution.

Phase Doppler Interferometer.

TsAGI has a Phase Doppler Interferometer from Artium, which makes it possible to measure the size
of spherical droplets with a diameter of 5 to 1500 microns. In addition, it allows measuring the liquid
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water content of the flow and one component of the velocity. The system parameters are presented
in Table 13.

Transmitter

Wavelength 532 nm
Focal Length 1000 mm
Beam Separation 59.4 mm
Beam Waist 290 MKM
Receiver

Focal Length 1000 mm
AB detector separation 21.11mm
AC detector separation 55.34 mm
BC detector separation 34.23 mm

Table 13: TsAGI PDI characteristics.

Example use in Appendix C

In this study, a multi-parameter calibration of the spray system of the wind tunnel according to the
characteristics of water content and the distribution of droplets by size in the test section was carried
out. Setup of the PDI components is shown in Figure 67.

Figure 67: Setup of the PDI components.

A typical PDI measurements result is shown in Figure 68 as a normalized droplet size distribution and
cumulative curves for two modes of operation of the spray bar system.
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Figure 68: A typical result of PDI measurements for two regimes of spray system operation.

4.5.2 Measurement Uncertainty of Selected Instruments

No information has been released available for this section on uncertainties assessment for TsAGI
instrumentation.
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4.6 Data evaluation and correction methods
Scattering probes

The post processing and data analysis of scattering probes depends on the data format of the
individual instrument and may vary between manufacturers or probe generation. In some cases, the
particle probes record particle-by-particle files and bulk files. In a particle-by-particle file the
information for each detected particle is given: size bin, transit time, inter-arrival time, and others. In
a bulk file the information are summarized in a 1 Hz data rate. For the data analysis the bulk file is
sufficient but for analysis of shattering or coincidence problems (see below) the particle-by-particle
file may be useful.

Scattering probes do not size droplets on a continuous size range, but classify them within a defined
number of size bins, with defined bin boundaries. Prior to each analysis, one has to be aware of the
location of these bin boundaries. They are a probe specific translation between the detector output
voltage a scatter event invokes and the true diameter of the corresponding droplet. The amount of
light scattered for this droplet size range in a specified direction is given by Lorenz-Mie-Theory (Mie,
1908). The translation into a voltage signal is probe specific and might alter with age and usage. It is
therefore essential to perform a size calibration in terms of relating known droplet sizes to an output
signal.

For each size bin the number of counts per seconds is given. From that number the concentration and
particle size distribution can be determined and further microphysical properties such as the MVD can
be calculated (chapter 3.2.1). Coincidence and shattering effects might influence the data quality and
have to be identified and corrected. The issue of probe dead time (Brenguier & Amodei, 1989) is just
relevant for an older generation of single particle light scattering probes.

Coincidence:

By increasing droplet number concentrations and thus decreasing spatial distance between droplets
the probability increases that more than one particle traverses the laser beam at the same time. In
this case, detected light as a superposition of more than one droplet, might not be separated into its
individual contributions (Lance, 2012). This results in the counting of just one single although more
than one particle traversed the sample volume. While particle number concentrations are
underestimated, particle sizes will be overestimated. Coincidence onset number concentration, at
which this effect becomes apparent, varies between individual instruments and depends on the
sample area and the beam width of the laser signal. Coincidence can be identified on the basis of
particle transit times through the laser beam. Current methods calculate a theoretically expected
transit time as a function of particle speed, beam characteristics and beam width, as well as droplet
size. Droplets whose transit times are significantly higher than expected, are likely to be coincident
and can such be rejected (Lance et al., 2010; Lance, 2012).

With the PDI, coincidences have very low probability of occurrence since the sample volume can be
made very small. However, its unique capability to measure droplet velocity and thus more accurate
number density and volume flux, will begin to fail if the particle concentration is too high. In that case
the occurrences with more than one particle passing the sample volume will increase. The Poisson
statistics of the particle arrivals describes the probability of such coincident occurrences. The
instrument computes the probability of coincidence based on Poisson statistics and the measured
data rate and alerts the user if a change in sample volume is appropriate. For typical application with
number density that may changes from 10% to 10° cm, non-rejected coincidence rates of less than
0.1% can be expected (Hodges et al., 1994).

The Malvern Spraytec instrument uses a patented algorithm which attempts to correct the PSDs for
high concentrated sprays where multiple scattering occurs. This option needs be set to active or
inactive manually. Triballier investigated the influence of multiple light scattering in detail and the
results have shown that “the Spraytec algorithm cannot satisfactorily correct the measurements in
this specific situation. It was also observed that the use of this algorithm is prohibited in the absence
of multiple light scattering” (Triballier et al., 2003).
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Shattering:

Droplets that hit surfaces or edges of the probe that protrude forward into the air stream may burst
and release a cloud of small droplets. As soon as these droplets pass through the sample area the
number concentration of small particles is overestimated. Since, these droplets tend to pass the laser
in short succession, this effect can be identified by the analysis of inter particle times. The theoretical
distribution of the inter particle time follows a Poisson distribution. Deviations from this distribution,
such as a bimodal distribution may indicate shattering and can thus be corrected.

Imaging probes

For imaging probes data analysis software is necessary to evaluate the particle images. For the analysis
some methods and corrections are recommended.

For the identification of the droplets in the sample area several methods exist. It is useful to use an
all-in method to identify the detected droplets. Only particles that are entirely shown in the image
data, i.e. the shadow is not touching the end diodes, are considered as particles and counted. This
method is more accurate than others but less particles are considered in the data evaluation. Particles
that pass the laser beam at a distance far away from the centre of focus are called out-of-focus
particles. The size of these particles is overestimated and they have a transparent centre (Poisson
spot). To correct these particles in their size the correction algorithm from Korolev (2007) is
recommended (see below).

The determination of the diameter of a particle is possible with several methods. Table 14 summarizes
the different options to choose.

X-direction maximum particle width (measured parallel to
the array)
Y-direction maximum particle length (measured

perpendicular to the array)

Mean (X,Y) mean average of X and Y: (X+Y)/2

maximum dimension diameter of a circle with the same cross
sectional as the shaded area of the image and
the maximum length within the particle

projected length length of the diagonal inside the bounding box
defines by Xand Y

Table 14: Sizing methods for OAP’s.

It is recommended to use the sizing in X-direction in cases where the TAS of an instrument has to be
chosen manually. Particles that are sized via the X-direction are not influenced by deviations from the
given TAS since they are analysed perpendicularly to the flight direction.

Another common method is the sizing for the maximum dimension. This method may lead to an
oversizing of particles if they have not an exactly round shape.

Since, WP4 of ICE GENESIS focuses on measurements in SLD conditions just droplets should be
considered in the data analysis. Therefore, a simple mass-diameter relationship for liquid spheres is
suitable. The density of water is approximated to 1 g m=.

Out-of-focus particles:

For imaging probes a correction method for out-of-focus particles should be applied. The measured
particle size depends on the particle position in the sample volume. On particles passing through the
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laser beam the laser light is diffracted and single photo diodes are shadowed. The diffraction pattern
depends on the position of the particle in the laser beam (Figure 69). For particles larger than around
15 um the Fresnel diffraction is valid. There, the distribution of intensity in the diffraction image is a
function of the dimensionless distance @ @ XY with Z the displacement along the laser axis, R
the particle radius, and | the laser wavelength. The dimensionless distance depends on the distance
from the object plane, the actual diameter of a sphere and the wavelength of light. A correction
method based on different diffraction patterns according to particle size and various 0 was adapted
by Korolev, (2007). The algorithm is adaptable to most of the OAPs. To reconstruct a particle image
from the diffraction pattern a distinct feature is helpful: the Poisson spot, a bright spot in the centre
of the image. From the size of the Poisson spot the distance from the object plane can be calculated.
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Figure 69: Examples of modelled discrete binary diffraction images with different sizes and at different
distances Zd from the object plane (Korolev, 2007).

4.7 Uncertainty assessment

The uncertainty of the PSD measurements depends on instrument specific sources of error and on
measurement related errors. According to Baumgardner et al. (2017) the latter can be subdivided into
size, concentration and shape related uncertainties. These propagate and become apparent in derived
microphysical properties.

Instrument errors might occur due to faulty or shifted alighment of optical components. Furthermore,
contaminated laser windows can lead to a systematic underestimation of particle size. This error can
be minimized by regularly cleaning of the windows before measurements.

Aging of opto-electrical elements, such as the detector, is another source of uncertainty. A change in
the laser characteristics, especially with tube lasers, can also influence the measurements. These
sources of error can be identified and compensated by suitable calibrations, provided they are of static
origin. Errors that occur over the measurement period are more difficult to detect and correct.
However, metadata can provide information about the presence of these errors. Errors related to the
data acquisition architecture such as dead time losses of measured particles are only present in old
instruments.

In this section, errors leading to an uncertainty in the calculation of the particle number concentration
and the MVD will be discussed. These errors can be traced back to uncertainties in counting and sizing.

The number concentration uncertainty is mostly due to an uncertainty in the sample volume. There,
the sample area (SA) error is the main error. The light intensity within a laser beam is distributed in a
Gaussian profile along the cross section. As sample area the area with the highest light intensity to
confine the measurement of particles is used. It is an elliptical surface characterised with the Depth of
Field (DoF) along the beam. Particles measured at the edge or outside the SA appear larger but show
low intensity. A valid particle size cannot be derived and the particles get discarded. The knowledge
of the true SA is required for an exact counting and sizing of the particles. The manufacturer of the
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instrument normally gives a value for the SA. But this can be a default value characteristic for this type
of instruments, so that it is advisable to recalibrate the probe specific SA in the laboratory to minimize
the uncertainty.

Further counting errors can be of statistical origin and effects such as shattering, coincidence (chapter
4.3), and flow induced or instrument induced errors. For these effects an error cannot generally
estimated. The analysis has to be done for single instruments and each measurement case individually.

For scattering probes an error with a reduced resolution of the size binning is an effect of Mie
resonance patterns. The size bins will be broadened (Brenguier et al., 1998; Baumgardner et al., 2001).

JARIE

Besides SA, the time interval ‘Q @nd the "YO ®éntribute to the calculation of the sample volume. An
error in ‘Q Gs negligible since the analysis are based on 1 Hz data. An error in "YO S¥ould be relatively
low. Still, a difference between applied True Airspeed of the wind tunnel flow and a particle airspeed
PAS may arise. For wind tunnel measurements an additional errorin "YO ¢¥n occur at low wind speeds
since the particle probes are designed for aircraft use with "YO [afger than 100 m/s. The probe specific
lower cut off ranges between 10 m s*to 20 m s,

A statistical error can result from the counting. Lance, et al, 2010 estimated an uncertainty less than
5 % for measured droplet concentration > 13 cm™ by a given 1Hz sampling rate and TAS of 100 m s™.
In general, an uncertainty for the number concentration is about £15 %.

The uncertainty of the MVD propagates errors from number concentration and size determination.
With a LWC on which the calculation of the MVD is based, a droplet size error occurs that is forwarded
at the third power.

Measurement Propagated
technique Parameter Limitations and uncertainty sources uncertainty
Light scattering Size Mie ambiguity, collection angles, coincidence, nonsphericity, shattering 10%-50%
Concentration Sample area uncertainty, coincidence, shattering 10%-30%
Shape Only SID can derive shape
Imaging Size Out of focus, time response, shattering, discretization 10%-100%
Concentration Variable DOF, shattering 10%-100%
Shape Requires 5-12 pixels, out-of-focus drops may look nonspherical
Evaporation LWC Dry-air removal, large droplet rolloff, ice crystal response 10%-30%
TWC Dry-air removal, bouncing and pooling, saturation 10%-30%
Diffraction LWC Large particle rolloff, liquid/ice discrimination 5%=30%

Table 15: Measurement limitation and uncertainties (Baumgardner et al., 2017).

The given values of uncertainties are estimated according to information from manufacturers and the
literature (Table 15). For each instrument an own uncertainty assessment has to be done. Calibrations
to reduce the uncertainties are recommended.
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5 Conclusions

This deliverable describes the work included in task 4.1 focused on the assessment and selection of
the instrumentation for MVD/PSD cloud characterization in Appendix C and O conditions with the
focus on FZDZ, from those available in the icing wind tunnels, and from WP4 research partners. The
instrumentation reported herein has been reviewed in terms of their measurement principles and
tested in the laboratory to highlight the advantages but also main issues that can be generated during
their operation.

The wide measurement range, defined by the domain of the requirements included in the FAR/CS-25
Appendix C & O conditions, necessitated the use of multiple measurement techniques, frequently
based on both scattering and imaging techniques. Within Appendix C, the MVD exhibits characteristic
values of 15 to 50 pm, with corresponding LWC between 0.05 and 0.8 g m™ for stratiform clouds and
LWC up to 2.8 g m? for convective clouds. The maximum expected droplet diameter for such
conditions is 100 um, increasing up to 500 um for FZDZ and even higher for FZRA conditions. The
required instrumental uncertainty was defined in D3.1 “Definition of the target requirements for test
facilities operating envelopes for App O” equal or lower than £10 % for MVD and equal or lower 15 %
for PSD deviation from reference.

The existing state of the art of instrumentation capable to measure PSDs on the basis of single particle
light scattering techniques and those able to determine the size based on particle imaging has been
assessed, either by laboratory tests or by comparative measurements in icing wind tunnels. Due to
individual installation requirements of the instruments in the test sections, each W/T test facility will
use its own PSD instrumentation for the calibration in WP6. Additionally, DLR PSD instrumentation
can be used in different W/T test facilities.

At the CIRA-IWT a full set of instruments is capable to measure in Appendix C and O conditions. For
the W/T calibration in FZDZ conditions will be used a combination of two ADA probes to cover PSDs
with maximum particle diameter below 100 um and up to 500 um (uncertainty for MVD: £15 %).
Additionally, laboratory measurements yielded reliable results (data agreement £ 10 %) provided by
the PDI technique from CIRA for both Appendix C and Appendix O FZDZ conditions, especially for
particle sizing below 250 um. Due to ongoing evaluation of the PDI probe this instrument will be the
backup probe for the two ADA probes. To characterize larger droplet sizes, the PDI has to be combined
with an imaging technique. Additional experiments to compare the HSI performance with PDI-4D and
other optical spectrometers (1D2DX, CIP-GS, and 2D-S) have been planned on December 2021 at NRC-
AIWT. Results will be submitted in a further version of this report.

The MinDef test facility tested and calibrated two new CAPS instruments as a replacement for their
FSSP. The combination of single particle light scattering (CAS-DPOL) and particle imaging (CIP)
techniques in one probe enables PSD measurements in Appendix C and Appendix O FZDZ conditions.
The CAPS_38 probe with a maximum particle size range of 930 um can be used for FZDZ criteria.
Although, laboratory calibration showed a misalignment of the CIP beam path compared to the
camera measurements for particle sizes equal or larger than 400 um. Therefore, additional correction
methods have to be applied for particle sizes larger than 300 um. The laboratory study highlights the
importance to use the Korolev algorithm to correct for diffraction effects along the beam path.

The RTA test facility will use a Malvern Spraytec instrument (300 mm lens, particle size range 0.1 um
to 900 um) for the calibration of their Appendix C icing conditions and Appendix O SLD conditions. For
FZDZ MVD > 40 um the measured PSD agrees of about + 10 % with the requirements. Since the
Malvern Spraytec will be used just for airspeeds up to 50 m/s, additional equipment to test and
calibrate SLD conditions at higher airspeeds is necessary. In order to investigate the spatial distribution
of the droplet sizes and to check and compare PSDs with the Malvern instrument, the DLR CAPS probe
or DLR FCDP/2D-S probes are intended to be used. Test measurement in Appendix C and Appendix O
FZDZ conditions at the RTA IWT were performed with both the combination probe DLR CAPS and DLR
FCDP/2D-S. The uncertainty showed between the Malvern, and the combination of FCDP/2D-S probes
on the PSDs at the same spray bar settings has been further investigated during the TRL3 review
process. The goal was to determine the influence of the uncertainty of measured PSDs with the ice
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accretion shape on the 2D NACA0012 wing using ONERA simulation code in collaboration with WP9
(“Numerical capability development for liquid icing conditions”). Results show a negligible difference
between the ice accretion shapes generated by code using the measured PSDs. Moreover, the
deviation between the measured PSDs and reference ones falls within the £10% of the quantile-
quantile plot. These results show a preliminary numerical validation on the grade of agreement
between the instruments (Malvern, FCDP/2D-S) and the FZDZ requirements in the RTA facility.
Measurements with DLR CAPS probe at RTA confirm these results, too.

As for the Russian partners CIAM and TsAGlI, the existing instrumentation to measure the size
spectrum of water droplets in high-speed flow was reviewed and analysed for FZDZ conditions. In
particular, CIAM data shows that the CCP and the shadow method are experimentally comparable,
demonstrating good agreement of the instrumentation readings within the droplet size range from
250 um to 750 um. Besides the laboratory experiments, a better assessment of such comparison
should be performed in the icing wind tunnel environment as a further step of uncertainty definition
of shadow method at CIAM.

The final selection of instruments is reported in the appendix, where a table summarises the
instrument used for each wind tunnel involving with the calibrations. The information reported in this
table includes the quoted uncertainty estimated during laboratory calibration check and the indication
of main challenges during the measurements and data post-processing involving with application of
each specific technique.

Further test and laboratory measurements to assess FZRA conditions were performed at RTA and CIRA
test facilities. At RTA a good agreement within + 20 % of the PSD of the measurements with the
Malvern Spraytec and the App O FZRA MVD > 40 um requirements was achieved. A comparison to
DLR test measurements with the FCDP / 2D-S probe combined with a PIP probe revealed discrepancies
for the mass fraction of small droplets up to 40 um. This may occur due to some uncertainty of the
correction applied for droplet coincidence and/or their shattering effects and has to be investigated
further. At the CIRA IWT, tests at SLD conditions with large droplets were performed with the PDI and
the HSI. It was shown that the PDI has to be combined with an imaging technique (e.g., HSI, OAP260X,
2D-S, CIP) to characterize the full spectrum of SLD conditions. A novel approach provided with the
upgrade of the OAP260X probe may further improve the application of the correction algorithms to
limit the instrumentation issues (e.g., particle coincidence, out-of-focus, dead-time on the 2D data).
At MinDef test facility, the CAPS_37 probe (maximum particle size range 1550 um) should be used for
FZRA conditions, where the measurement is validated in the laboratory for particle sizes up to 900
pum.
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7 Appendix: PSD instrumentation selected for wind tunnel tests in
SLD conditions (FZDZ) within ICE GENESIS

For each W/T test facility that is part of WP6 to support the calibration for Appendix O (FZDZ)
conditions the finally chosen PSD instrumentation is presented in the following Table 16. The table is
in parts consistent with the table in chapter 3.3 but focused on the main instruments for each W/T
test facility. Additional information on the performance, uncertainty and calibration status as well as
installation requirements are listed. Also, the distinction between primary used probes and backup
probes is given.
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Size
Instrument Measurement Quoted . resolufclon; Dimensions Challenges Practical Uncertainty Caveats (LI B el
(method) Uncertainty Sampling status Owner
frequency
CIRA-ADA Cloud droplet <1% 2 um 2.3kg i Sizing and concentration Tunnel use: ~15% in sizing and Ready CIRA-IWT /
spectra (0.8 um 55x32 cm difficult in the large size of 20% in concentration CIRA
(Single Particle —870 um) PSD, for SLD conditions
. . Up to 800 . ;
Light Scattering) MHz 9 Partial size spectra (primary
. . b
App C & App O con:.a:nln.ated. b\:jlce:1 probe)
F7DZ particles in mixed phase
CIRA-PDI-4D Cloud droplet <1% 2 um 16 kg i Sizing and concentration Tunnel use: ~15% in sizing and New calibration CIRA-IWT /
spectra (0.8 um 109 x 17.8 cm difficult in the large size of 20% in concentration check will be CIRA
(Single Particle — 870 um) U to 320 PSD (>200 um), for SLD performed after
Light Scattering) MF:-I ° conditions manufacturer’s (backup probe)
App C & App O ’ 1 Partial s'ize spectré maintenance
contaminated by ice
FZDz . . .
particles in mixed phase
2D-S Cloud Sizing: 10 um 8.6 kg 1 Fundamental uncertainty is Final uncertainty is .h.ighly Ready CIRA-IWT /
hydrometeor maghnification to 89 x 18 x 18 due to under and over dependent on sp'ecmcs of the NASA(?)
(Single Particle | spectra (10 um | within 5% Singl cm sizing of out-of-focus software.correctl'ons for out-
Imaging) —1280 um) mi.el images, and digitization of O_f'fO.CUS_ Image dIStOFtI(?n and (primary
Concentration: particies small images (Korolev et al., f’l'g't'zat'on errors, partlcularly probe)
not quoted 1998). Effects are large in in the sup-150 um size range
App O FZDZ & ; Accuracy of software
FZRA the 50-150 um size range. y

ePhotodiode time is
response is probably not
important for typical wind
tunnel speeds. Not
necessarily the case for
older spectrometers(Strapp
et al., 2003).

9 Scrambling of particle sizing
due to the above introduces
further concentration
uncertainties due to the

corrections will be partially
determined by future 2D-S
spinning disk calibrations
Assessment of uncertainty is
also being pursued in an
international SLD
instrumentation collaboration
initiated by CIRA (van Zante,
et al., 2021)

Examination of data for
particle breakup and runback
from probe tips should be part
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highly variable DoF region < of post-experiment data
100 pm diagnostics
Limited phase Practical uncertainty cannot
discrimination < ~80 pum be estimated at this time,
(assuming that at least a although 2017 comparisons of
diameter of 8 diodes is Malvern and CDP+2-DS MVDs
required, Korolev et al. in SLD conditions were highly
(1998)) correlated, and within £10%
Measurement may be
subject to particle breakup
and runback from probe
tips forward of the sample
area, although this is
suspected to be less
important than in glaciated
cases
Icing of probe splash guards
is known to deteriorate
measurements. Frequent
shutdowns to de-ice may be
required.
1D2DX Cloud Sizing: 15 um 20.25 kg Subject to same issues as Subject to same uncertainties | Ready CIRA-IWT /
hydrometeor magnification to 99 x 18 cm 2D-S (see above) as 2D-S, noted above, and CIRA
(Single Particle | spectra (15 um | within 5% New probe, so a full set of dominated by software
Imaging- 1D + — 2000 pm) Upto 10 Hz technical tests are yet to be corrections for out-of-focus (backup probe)
2D arrays) Concentration: performed images and digitization errors
App O FZDZ & not yet available Limited phase in the Sup'—15'0 |.J.n? size range
EZRA discrimination < ~120 um Future spinning disk

(assuming that at least a
diameter of 8 diodes is
required, Korolev et al.
(1998))

Different probe splash
guards and tips than 2D-S,
so tip effects may be
different

calibrations will improve
accuracy estimate and
software tuning

Examination of data for
particle breakup and runback
from probe tips should be part
of post-experiment data
diagnostics

Practical uncertainty cannot
be estimated at this time
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HSI Cloud < 1% ford > 100 7 um 10 kg Sampling statistics for d > For glaciated clouds, the New calibration | CIRA-IWT /
hydrometeor pm 105 x 18 cm 100 pm MMDs reported check will be CIRA
(2D imaging spectra (7 um - Needs large data storage by HSI are always within £10% | performed after
with CMOS 1500 pm) Max. 300 Hz of those of the 2D-5 (Esposito | manufacturer’s | (primary for
array) (up t.o 1000 etal.,, 2019). maintenance droplets
particles/s) morphology)
App O FZDZ &
FZRA
CAPS_38—CAS- | Cloud Usually 10% - 20.4 kg Sizing may be subject to In moderate number Ready MinDef S1 ATF
DPOL hydrometeor calibration size Mie oscillations concentrations: MVD and / MinDef
spectra (0.5 um | uncertainty at 10 Subject to irrecoverable concentration errors may be
(Single Particle | —50 pm) um quoted for 0.05-40Hz coincidence oversizing nominally estimated at £10% (primary
Light Scattering) forward scatter errors at very high droplet In very high concentrations in probe)
spectrometers; concentrations low-MVD tunnel sprays, large
App € nominal +10% Phase discrimination has concentration correction for
sample area not been fully assessed. Ice coincidence may be required,
uncertainty (D. particles may corrupt and MVD may be oversized in
Baumgardner, measurements in mixed- an irrecoverable manner
personal phase to an unknown In partial freeze-out
communication) extent conditions of with large re-
Many surfaces of this probe circulating ice, PSD accuracy is
collect ice, so frequent de- not well known
icing is recommended
CAPS_38-CIP | Cloud <11%sizing (as | 25 um 20.4 kg Subject to same issues as Will be subject to same Ready MinDef S1 ATF
hydrometeor per CNRS 2D-S (see above) uncertainties as 2D-S, noted / MinDef
(Single Particle | spectra (15 um | calibrations) Limited phase above, and dominated by
Imaging) —930 um) Max. 25 Hz discrimination < ~80 um software correction for out- (primary
(assuming that at least a of-focus images and probe)
diameter of 8 diodes is digitization errors in the sup-
?;gzc &App O required, Korolev et al. 150 um size range

(1998))

Different probe tips than
2D-S, so tip effects may be
different

Spinning disk calibrations have
been performed to assess
accuracy of software
corrections and sample
volume

Examination of data for
particle breakup and runback
from probe tips should be part
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of post-experiment data
diagnostics

CAPS_37 — CAS- | Cloud Same as Same as Same as Same as CAPS_38-CAS-DPOL Same as CAPS_38-CAS-DPOL Ready MinDef S1 ATF
DPOL hydrometeor CAPS_38-CAS- CAPS_38-CAS- | CAPS_38-CAS- / MinDef
spectra (0.5 um | DPOL DPOL DPOL
(Single Particle —50 um) (backup probe)
Light Scattering)
App C
CAPS_37-CIP Cloud < 7% sizing (per Same as Same as I Same as CAPS_38_CIP Same as CAPS_38_CIP Ready MinDef S1 ATF
hydrometeor CNRS CAPS_38 _CIP CAPS_38_CIP (above) / MinDef
(Single Particle spectra (25 pm | calibrations) 1 Limited phase
Imaging) —1550 um) discrimination < ~ 200 pum (backup probe)
(assuming that at least a
App O FZDZ & dlam'etzr c|><f 8 clilodes |Is
FZRA required (Korolev et al.,
1998)
Malvern Cloud droplet n.a. <+1% MVD ~45 kg 1 PSDis not measured <*15% in MVD Ready RTA-IWT /
SprayTec spectra (300 (depending on directly but requires either rented unit
mm lens =>0.1 optical bench) a model dependent
2.5-10 kHz - . -
. pm —900 pm) distribution function (e.g (primary @
(Bulk Particle . .
. . Rossin-Rammler) or a airspeed < 50
Light Scattering) .
model independent m/s)
App C & App O .
707 deconvolution of the

cumulative light scattering
distribution to estimate the
PSD.

I Measurements of small
(D<10mm) and large
(D>500mm) droplets may
be a subject of biases

1 Airspeed limit @ 50 m/s for
in-situ measurements
(vibration issues)
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DLR CAPS_38 — Cloud n.a Same as Same as Same as CAPS_38-CAS-DPOL <+15% in MVD Ready RTA-IWT / DLR
CAS-DPOL hydrometeor CAPS_38-CAS- | CAPS_38-CAS-
spectra (0.5 um DPOL DPOL (primary @
(Single Particle —50 um) airspeed > 50
Light Scattering) m/s and for
App € PSD uniformity
PP int/s)
DLR CAPS_38 - Cloud <11% Same as Same as Same as CAPS_38-CIP <+15% in MVD Ready RTA-IWT / DLR
CIP hydrometeor CAPS_38_CIP CAPS_38_CIP
spectra (15 um (primary @
(Single Particle —930 um) airspeed > 50
Imaging) m/s and for
PSD uniformit
App C & App O /) y
FZDz
DLR FCDP Cloud n.a 3um 2.5 kg Same as CAPS_38-CAS-DPOL <+15% in MVD Ready RTA-IWT / DLR
hydrometeor 28 x 15 x 23
spectra (2 um — backu
(Single Particle P (2u Single particle | €M (. P@
Licht Scatteri 50 pum) airspeed > 50
ight Scattering) m/s and for
App € PSD uniformity
PP int/s)
DLR 2D-S Cloud Same as 2D-S Same as 2D-S Same as 2D-S Same as 2D-S <+15% in MVD Ready RTA-IWT / DLR
hydrometeor
) X spectra (10 um (backup @
meg!e P)artlcle — 1280 um) airspeed > 50
maging m/s and for
PSD uniformit
App O FZDZ & int/su) ! Y
FZRA
Modular-PDI-2D | Cloud droplet < 1% sizing (as 0.5 um 16 kg Same as CIRA-ADA / CIRA-PDI- | Same as CIRA-ADA / CIRA-PDI-4D | Ready TsAGI AHT SD /
spectra (5 um— | per ADA / PDI 109 x 18 cm 4D TsAGI
1500 pm calibrations
(Single Particle km) ) Up to 200000 .
- X (primary
Light Scattering) kHz robe)
App C & App O P
FZDz
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Mastersizer X Cloud n.a n.a. Potential limits to smaller n.a. n.a. CIAM C-2 /
hydrometeor droplet size range (<20 um) CIAM
spectra (n.a um
(Single Particle P (nau .
Light Scatteri —n.a. um) (primary
ight Scattering) probe)
App O FZDZ &
FZRA
CCP-CDP Cloud Same as 2 pm Same as CAPS_38-CAS-DPOL Same as CAPS_38-CAS-DPOL Ready CIAM C-2 /
hydrometeor CAPS_38-CAS- CIAM
. ) spectra (2 um - | DPOL
(Single Particle 0.05-25Hz .
Light Scattering) 50 um) (primary
ight Scattering probe)
App C
CCP-CIP Cloud < 11% sizing (as 25 um Same as CAPS_38-CIP Same as CAPS_38-CIP Ready CIAM C-2 /
hydrometeor per CNRS CIAM
spectra (25 pm calibrations
(Single Particle P (251 ) 0.05—-25Hz .
Imaging) - 1550 pm) (primary
aging probe)
App O FZDZ &
FZRA
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Table 16: Final selection of instrumentation for measurement of PSD under Appendix O conditions in W/T test facilities.
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