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1 Glossary

Abbreviation / Acronym | Description/meaning

2DC Optical Array Probe

CCP Cloud Combination Probe
CDP CloudDroplet Probe

CIP Cloud Imaging Probe

FSSP Forward Scattering Spectrometer Probe
FzDz Freezing Drizzle

FZRA Freezing Rain

LSI Laser Sheet Imaging

LWC Liquid Water Content

MVD Median Volumetric Diameter
MW Multi-Wire probe

PMS ParticleMeasuring Systems
PSD Particle Size Distribution

RP Robust Probe

RR RosinRammler distributions
SAT Static Air Temperature

SBS Spray Bar System

SLD Supercooled Large Droplet
SLD Supercooled Large Droplet
TRL Technology Readiness Level
TWC Total Water Content

ZLE Freezing Drizzle
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2 Executive Summary

This deliverable provides the results from the measurements and calibration activities performed in
the RTA Icing Wind Tunn@&VT)and a summary of the measurement activities executed at-GNIA
showing a peliminarycalibration

A full assessmeraind calibrationof the FZDZ capabilities for RIMXT has been presented in this
report, showing the main steps accomplished to achieve the Facility Technology Readines®Level

5 in the projectThe guidelines on the procedures to be followed for the clduwatacterizations have

been defined in deliverable D6HLY Gt NR L2 alk f 2F / Ff A0NI GA2Y LyaidNyz
C Y% w IThre® separate test campaigns, starting in August 2019 and ending in June 2021, were
conducted at RTA, whose SLD capabiltiese already available at the start of the project, limited to
PSD/MVD calibration for the FZMring the project period, a better assessment of the LWC and a
review of the PSD/MVD envelope for both FZDZ and FZRA were performed using selected
instrumentation by Deliverable D62 to achieve a better accuracy of LWCs characterization.
Moreover, a refinement of PSD/MVD, cloud uniformity as well as droplet temperature measurements
were performed and presented in this report outlining the RWA @libration for Freezing Drizzle

with an MVD of less and more than 40 um.

After the upgrade with a new spray nozzle, followed by the commissioning of the spray bar system in
JanuaryFebruary 2022, the measurements in the GIRA were planned to a singleosifrom April

2022 to early June 2022. The calibration began with the cloud uniformity check and extended to LWC
and PSD/MVD measurements for one of toer spray bar configurations. The time available only
allowed to characterize cloud conditions at thea level for FZDZ higher and lower thamiq with

few conditions for checking different pressure altitudes and spray bar configurafidnis.report
shows the preliminary performance of CHRIXT for SLD conditions, as not enough measuring points
were rdatable to support valid statistical data analysis to determine general calibration curves for
MVD/PSD to correlate with LWCs data.
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3 Introduction

The ambition of the ICE GENESIS project is to improve the experimental test capabilities of icing
facilities b generate or reproduce representati&ipercooled Large DroplésLD) conditionand to

define a common calibration methodologht the beginning of the program, six wind tunnel owners
were involved in the IGEENESIS Work Package 6 (SLD Test CapdbiRgy), MINDEF, RTA, TUBS,
TSAGI, and CIAM. However, the partnership with TSAGI and CIAM was terminated for geopolitical
reasons in 2022. Moreover, MINDEF also discontinued its activities i{6HNESIS. Therefore,
concerning the original target, this regais limited to providing the results of the measurements
supporting the calibration activities for Appendix O Freezing Drizzle (FZDZ) conditions only forthe RTA
IWT and the CIRAVT.

ICE GENESIB2020- 824310 © ICE GENESIS Consortium PagelO
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4 RTA Icing Wind Tunnel

4.1 Test Setup

All of the testsand measurements mentioned in this repavere performed in the large IWT using

the highspeed configuration with the additional contraction nozzle, a schematic is showgurel.

The test section area indicated in the schematic shows the calibrated area for Appendix C icing clouds.
This setup enables test section airspeeds between 20 m/s and 80 m/s and offer the benefit of a low
contraction ratio, which minimizes potential secondary droplet breakup. Furthermore, the
agymmetric contraction nozzle also proved to beneficial for thegeneration and transport of large

rain droplets.

Spray Bar System

Area of Measurement

/1700

Test Section

FigurelY { OKSYIl GA O 2 Fa WIKSR w@2 y LR T dzNAKIK FXKY ¢
we! Qa alLIN}I @& oFN adaidsSyYy TSI GdzNBa . the HNo&sfesafkadd & o6 | N
spray bar aresplit into two separately controllable circujtevhere every second mmle belongs to
circuit 1 and every other nozzle to circuit 2. Bupply water and airpressures as well as the water
supply temperature can be controlled independently for those twiuits, which enableshe
generation ofbimodal Particle Size Distributions (PSI®} large particles can be injected with
precooled water, whereas the particles of the small meoda be supplied with praeated water in
order to prevent freezeout. Thedistance ofabout 11.5 m from the injection to the test section should
provide sufficient time for the large droplets to reach a supercooled state.

4.2 Feasibility Study

A feasibility study was performed to investigate the potential of generating FZDZZ&iW conditions
NRTRa L2¢ o6& YSI yssesénéntasirigdlhodzle yest tigl rfurBerical simulations and
preliminary tests in the IWT. These investigations were performed prior to the ICE GENESIS project
and therefore are just summarised brigih this report.

4.2.1 Particle Trajectories anflecondary Droplet Breakup

The particle trajectories at different test section airspeeds were analysed using numerical simulation
tools. The injection velocities of thwarticles were measured using a higihheedcameraand used as

ICE GENESIB2020- 824310 © ICE GENESIS Consortium Pagell
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an input for the simulationsTheanalysisevealedthat for FZRA conditiona minimumtest section
airspeed of 40 m/d4o0 45 m/sis required asthe gravitational influence of the large rain droplets
significantly affects the trajectorgeat low speeds. The results atdmwed that onlcertain spray bars

can be used, as some of the large particles impinge on the additional contraction nozzle before
reaching the test sectiorExample resultfor droplets with diameters between 100 um at800 pum

can be found inFigure2.

Figure2: Example particle track400 umg 1200 pm)or the RTA IWat a test section airspeed of 30 m/s (left)
and 80 m/s (right)

Furthermore, potential secondary droplet breakup was analysed using toalkal Weber number.

The critical Weber number for when breakup starts to occur varies betweel? 18]. Simulations

with and without a droplet deformation model were performed. For the runs with deformation the
same approach NASA used to investigate breakup in Glenn Icing Research Tunnel (IRT) was used [4].
TheDroplet deformationis based on aodified Bond humbefrom [5] and the drag of the deformed
droplet was taken from [6]. The simulations have shown that droplets with diameters of up to about
1500 pum can be transported to the test section at the maximum airspeed without exceeding a Weber
number of 14, when the dermed droplet model is used. This can mainly be attributed to the low
contraction ratio (1.84) of the additional contraction nozzle Figure3 and Figure4 an example
evaluation for a large FZDZ droplet with a diameter of 500 um is shown for the maximum airspeed of
80m/s where the solid lines show the fully spherical model, e dashed lines show the results
using the droplet deformation model. A maximum Weber Number of less than 3 is reached in the main
contraction zone of the additional contraction nozzle, where the flow is accelerated the Rwosting

the simulation with o without the deformation model did not have a significant effect on the result.

In the test section the droplet is abo®4% slower compared to the ambient airspeed and has a
trajectory angle within less thah.3° compared to a droplet falling with its t@inal velocity at an
airspeed of 80 m/sDroplet breakup is no issue for FZDZ over the full airspeed range.

Particle Position

06

0.4

oz —— Spherical
= = = Deformed
> 0

— - TSstart

02

0.4

2
8
T

2

8
T
1

—— Spherical
- = Deformed
— Air

Velocity [m]
8
T
1

—— TSstart

N
8
1

8
X[m]

Particle Relative. Velocity
s T T

I I I i
0 2 4 6 8 10 12 14
X [m]

Figure3: Example secondary droplet breakup analysis for a 500 um droplet in the RTA IWT at 80 m/s (dashed
line = with doplet deformation, solid line = spherical model)
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Figure4: Example trajectory of a 500 um droplet in the RTA IWT at 80 m/s (dashed line = with droplet
deformation, solid line = spherical model)

4.2.2 Droplet Temperature

Theachievable droplet temperatusdn the test section were also investigated by means of numerical
and analytical simulationasing the model described in [7The results for #DZMVD > 40 ym
conditionat a static test section air temperature éi°Cand a test section airspeed of 60 mé&se
shown inFigure5. The increased thermal inertia of the droplet®rir the SLD spectrum causes a
shallow cool downbehaviour and therefore requires preooled water at considerable low
temperatures.The injection temperature of the droplets was set to S&Cdroplets of the considered
diameter spectrum cool down at least to freezing temperature before reachingetstesection The
mass averaged temperatufer the particles of thelarge modes about-4.1°Cat the start of the test
sectionaccording to the simulation@-igure6). For very large rain droplets with diameters of more
than 1 mm, colder ambient temperatures {¥0°C)and / or colder supply temperaturamight be
required to achieve a supercooled state.

dO =25 um

d0:70 pm

d0= 125 um

do =170 um
do =225 um

dO =270 um
dO =320 um

— d0:370 pm

z (m)

z (m)

Mean droplet temperature over horizontal distance

d, =25 pm

do =70 pm

dU =125 pm
do =170 pm
do =225 pm
do =270 pm
d,= 320 ym
d,= 370 pm

z (m)

Figure5: Results for &ZDZ icing clowslmulationin the RTA IWThe asterisks mark the position whete
droplet reaches a supercooled state
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Mean droplet impact temperature over droplet diameter
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Figure6: Mean droplet temperature at thetart of thetest section(11.5m)in the RTA IWTat 60 m/s and
static test section air temperature €5°C.
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4.3 Freezing Drizzle MVD < 40 pm

For Freezing Drizzle (FZDZ) with a Median Volume Diameter (MVD) of smaller than 40 um, MVD,
Particle size distriion (PSD) and Liquid Water Content (LWC) investigations have been performed
RAZNAY 3 AYGSNYFEZ yIFEGAZ2YIF T {-18+ éF0dzyIRSHR  10VICTNDY I (GAA2 Vil Af
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Figure7: Appendix O Freezing Drizzle MVD < 40 um PSD (left) and LWC range (right)

According to Cober and Isaac [1, p. 271] the MVD of FZDZ MVD < 40 um conditions should be in the
range of 2Qum with a maximum diameter of 38§9m. Figure8 shows the idividual measured PSDs

and the average cumulative mass spectrum [2]. The 99.0% LWC of all cloud measurements was 0.44
g/m3, which is used as the upper limit in Appendix O, the maximum observed LWC was 0.77 g/m3 [1,
pp. 278280].
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Figure8: Average Cumulative Mass Spectrum for FZDZ MVD < 40 um compared to each individual cumulative
mass spectra [2, p.43]

Tablel lists the four settings which haveeen investigated in the RTA IWT. Due to the very small
amount of required large particles, it was not possible to inject a bimodal distribution close to the
requirements, while still achieving low LWCs. Monomodal distributions which also include larger
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pl NIIAOf S& 6SNB Ay@SadAdalradSRed ¢KS afz2y3 GFAfté Ay
to the atomizing spray nozzles, which are also used for Appendix C cloud generation.
Tablel: Investigated Spray bar settings #82DZ MVD < 40 um conditions

Setting Pwater 1 Pwater 2
[bar] [bar]

FZDz S1 0.40 0.96 0.40 0.96

FZDZ S2 0.30 0.84 0.30 0.84
FZDZ S3 0.20 0.72 0.20 0.72
FZDzZ S4 0.15 0.62 0.15 0.62

4.3.1 MVD / PSD Measurements

The MVDs and PSDs of the settings mentionélthlriel were measured using the Malvern Spraytec
instrumentation with the 300 mm lens assembly and / or the CAPS probe from Droplet Measurement
TechnologiesTable? lists the resulting MVDs. The detailed PSDs are shown in Sé3i@n

Table2: MVD /PSD Measurements for FZDZ MVD < 40 um conditions

Setting Instrument SAT MVD [pm] Year
[°C]
FzZDz S1 MalvernSpraytec 20 2 18.1 2017
FzZDz S2 MalvernSpraytec 20 2 18.4 2017
FzZDZ S3 MalvernSpraytec 20 2 19.8 2017
FzZDz S1 MalvernSpraytec 20 2 22.3 2020
FzZDZ S2 MalvernSpraytec 20 2 22.9 2020
FzDZz S3 CAPS 60 2 23.7 2020
FzZDZ S4 CAPS 60 2 26.1 2020

4.3.2 MVD Calibration

As the pressure ranges for the FZDZ MVD < 40 um settings are within the standard MVD calibration
curves of the atomizing spray nozzles (based on calibration measurements in 2020), this calibration
curve(Equation 1)s used to calculate the MVBigure9 shows the relevant section of the calibration
curve.Figure10 shows a comparison of the calibrated and measured MVDs. Overall, the standard
calibration curve does give a good approximation of the measured MVD, the largest deviation is seen
for some of tle older measurement data which were performed before the cloud uniformity was
improved.

0 w0 Agew wpmd p BX o8t p 4N 8 mT @¢q gouyy ° p
4.3.3 PSD Calibration

The measured PSDs from the conditions listeTable2 are shown irFigurell, Figurel?2, Figurel3

and Figure14 below. The left plot shows a direct comparison between the measured cumulative
volume andhe cumulative volume of the Appendix O requirement. On the rightggptpt is shown,
indicating the percentual deviation of the cumulative volume. Furthermore, a linear regression has
been performed, the R2 values are displayed in the legend. Ovdralmeasured PSDs were within
+10% tox15% compared to the Appendix O distributions. R2 values of 0.949 to 0.991 indicate that the
distributions are still very close to the requirements.

ICE GENESIB2020- 824310 © ICE GENESIS Consortium Pagel6



D6.4Report onFZDZ calibration for each IWT involved in the project (6{0)
28/03/2024

MVD Calibration Curve
T

1.0 T /{
&> lines of constant MVD, [um)] 0
O  Investigated Settings
09 -
(e]
0.8 - .
T %
IS]
=,
s
S
ISH
(@)
0.7 .
0.6 - 1
05 1 1
T o 3o} 0
o o o [} [}
Puwater [bar]

Figure9: MVD calibration curve for FZIME/D < 40 pm conditions
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Figurel0: Comparison of calibrated and measured MVDs for all four FZDZ settings, below 30 um the indicated
limit is showingt3 pum instead o0£10%
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A separate calibration curve was generated to be able to also estimate the PSD for different spray
nozzle settings. This curve describes the average PSD of all measurementalfiler2 and can be
scaled with the calibrated MVDom Sectiord.3.1 Table3 lists the distribution, the diameters are

calculated usindquation 2. The calibration curve should be capable of predictimg cumulative
volume with an accuracy afl0% Figurel6).

Q QW& Qo020 20 C

Table3: PSralibration, relative Bin size, volume percentage and cumulative volume

D Bin {005 01 02|03 04 05 10 20 30 4.0 50 100 150 20.0 250

Vol [%] | 0.05 | 0.85 50 | 320|320| 100| 50| 20 | 40 | 01 | 0.0. | 0.0

Cum. | 0.05/090|190|49|99|149|46.9| 78.9|88.9|93.9| 959| 99.9| 100 | 100 | 100
Vol. [%]
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Figurel5: Average PSDs for FZDZ MVD < 40 um compared to Appendix O requirements, cumulative volume
(left), g- q plot (right)
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4.3.4 LWC Measurements

For the FZDZ MVD < 40 pmy very few measurement dataeavailable Table4 lists the investigated

conditions.¢ KS G&f g 0¢ O2f dzvy 3IAGSa { krfentlwhithEsLddlGIRtedA Y R S LIS
according to Equation 3, where the number of operative circuits can be either 1 (only every second
nozzle active) or 2 (all nozzles active). The test section LWC can be reduced by only operating half of

the spray nozzles, whidh possible due to the monomodal distribution.
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Table4: LWC Measurements for FZDZ MVD < 40 um conditions

Setting Pwater Pair | INStrument | TAS SAT Iwc
[m/s] [°C] [g/m?2 s]

FzZDZ Sx 0.36 | 0.91 | Blade 36 -18 6.22 2020
FzZDZ Sx 0.29 | 0.83| Blade 36 -18 5.52 2020
FzZDZ Sx 0.26 | 0.79 | Blade 36 -18 5.33 2020
FzZDZ Sx 0.24 | 0.76 | Blade 36 -18 5.26 2020
FzDz S3 0.20 | 0.72 | Blade 36 -18 4.75 2020
FZDZ3% 0.20 | 0.72 | Waterflow 60 2 5.40 2020
FzZDz & 0.15 | 0.62 | Waterflow 60 2 4.80 2020
FzDz S3 0.20 | 0.72| CAPS 60 2 5.75 2020
FzZDz & 0.15 | 0.62| CAPS 60 2 4.87 2020

4.3.5 LWC Calibration

Similar to the MVD, the spray nozzle pressure range isvatbin the standard LWC calibration for

the atomizing nozzles. Therefore, the standard LWC calibration is used to calculate the LWC for these
conditions(Equation 4)Figurel?7 shows the calibration curve, the investigated settings are marked.
The blue lines give the upper and lower air pressure limits for the corresponding water pressures.
Figurel8shows a comparison of the calibrated and measured water contents of the conditions listed
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in Table 4. The measurements were within 20% of tlalibrated values, a linear fit of the
measurement data gives a slope of 0.9449 indicating, that the standard calibration curve is able to

predict the LWC with g

ood enough accuracy.
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Figurel7: LWCcalibration curve for FZDZ MVD < 40 um conditions
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The achievable LWC envelope for different test section airspeeds is shdwgune19. The lowest
possible LWC at 80 m/s is 0.05 g/m3, the highest is 0.18 g/m3. At 40 m/s the lower limit is 0.10 g/m3
and the upper limit is 0.35 g/m3.
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Figurel9: RTA LWC envelope compared to Appendix O requirement for FZDZ MifiDaof less than 40 pm,
for 40 m/s and 80 m/s

4.3.6 LWQUniformity

Figure 20 shows the result of a typical ice accretion grid measurement for a 20 um Appendix C
condition. Nospecific grid measurements of the settings listedTeble1 or Table4 have been
performed. InFigure21the resulting uniformity plot from a test section mapping using the Nevzorov

A 7
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Figure20: Ice accretion grid measurement of LWC Uniformity, the red frame marks the area of interest for wing
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4.4 Freezing Drizzle MVD > 40 pm

For Freezing Drizzle (FZDZ) with a Median Volume Diameter (MieBjesthan 40 um, MVD, Patrticle

size distribution (PSD) and Liquid Water Content (LWC) investigations have been performed during
AYGSNYFEZ yriAzylffte TdopRYER & G CD D)aljddritein&ighallgs L OA y 3
Fdzy RSR 6 daL/ 9 clofofeds{ Thd RequirelBnis Sr tieJPSD and the LWC range is shown

in Figure22.
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Figure22: Appendix O Freezing Drizzle M¥Z0 um PSD (left) and LWC range (right)

According to Cober and Isaac [1, p. 271] the MVD of FZDZ>MVU[pm conditions should be in the
range of110um with a maximum diameter @&f74um. Figure23 shows the individual measured PSDs
and the average cumulative mass spectrum [2]. The 99.0% LWC of all cloud measuremern2s was 0.
g/m3, which is used as the upper limit in Appendix O, the maxirobserved LWC was3®.g/m3 [1,

pp. 278280].
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Figure23: Average Cumulative Mass Spectrum for FZDZ ¥Dum compared to each individual cumulative
mass spectra [2, p#

Table5 lists the four settings which have been investigated in the RTABAEh of the eleven spray
bars of the RTA spray bar system has two individually controllable circuits. This is used to create the
required bimodadistribution for FZDZ MVD > 40 um. Both circuits use the standard atomizing nozzles,
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which are also used for the generation of Appendix C conditions. In order to improve the cloud
uniformity, the spray nozzles for the large and small mode are arrangea atternating pattern.

Table5: Investigated Spray bar settings for FZDZ MMD um conditions

Setting Pwater 1 Pwater 2
[bar] [bar]

FZD41 0.35 0.80 0.20 0.20

FzZD42 0.25 0.72 0.15 0.15
FZD43 0.50 1.30 0.20 0.20
FZD44 0.50 1.30 0.15 0.15

4.4.1 MVD / PSD Measurements

The MVDs and PSDs of the settings mentionélthlrie5 were measured using the Malvern Spraytec
instrumentation with the 300 mm lens assembly and / or the CéPthe FCDP/2E3 probe from
Droplet Measurement Technologi€Bableb lists the resulting MVDs. The detailed PSDs are shown in
Sectiord.4.3

Table6: MVD / PSD Measurements for FZDZ MMD pm conditions

Setting Instrument TAS SAT  MVD [um]
[m/s] [°C]

FzD41 MalvernSpraytec 20 2 92.0 2017
FzD42 MalvernSpraytec 20 2 100.5 2017
FzD43 MalvernSpraytec 40 2 93.5 2019
FzD4.4 MalvernSpraytec 40 2 109.3 2019
FzD4.1 FCDP/2E5 60 2 91.7 2019
FzD4.2 FCDP/2E5 60 2 92.9 2019
FzDzZ L1 CAPS 60 2 84.3 2020
FZDZ L2 CAPS 60 2 94.2 2020
FZFZ L3 CAPS 60 2 83.4 2020
FzD44 CAPS 60 2 90.0 2020

4.4.2 MVD Calibration

Due to thebimodal nature of the FZDZ distribution, the MVD is calibrated based on a combination of
the small and the large mode. For the small Mode the standard Appendix C calibration curve is used.
For the large mode, a separate calibration curve (Equation 5)meated by fitting measurement data

from different instruments (Malvern, FCDPAEDand CAPS).

O0wO px& T WEN G o&Z 0 v

To derive the combined MVD of both modes, the LWC ratio calculated by the LWC calibration curves
(see Seddn 4.4.5) is used as shown in Equation 6.
a0 a0

D w0 Do ~ VOO p ———FF =~
aOUVWAauv w

A0 O A0 O ¢
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Figure 24 and Figure 25 show the resulting calibration curves for the small and large mode
respectively Figure26 shows the calculated MVDs for the settings listed @ble6 compared to the

measired ones, indicating a very good agreement in the rangel 696.
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Figure24: MVD calibration curve famall Mode oFZDZ MVDB 40 um conditions
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Figure25: MVD calibration curve fdarge Mode of~ZDZ MVDB 40 pm conditions
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MVD Validation
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Figure26: Comparison of calibrated and measured MVDs fanedistigated=ZD2VIVD > 40 pnsettings

4.4.3 PSD Calibration

70
110 |

In addition to the MVD calibration, also a PSD calibration was derived, in order to predict the average
PSD for different FZDZ MVD > 40 um settiRggire27to Figure30 show the measured distributions

(left), onthe right, aq plots are shown, indicating the percentual deviation of the cumulative volume
compared to the Appendix O requirememturthermore, a linear regression has been performed, the

R2 values are displayed in the legend. Overall, the measured PSDs were #4iiBin to +20%
compared to the Appendix O distributions. R? values 059t8 0.997 indicate that the distributions

are still very close to the requirements.

¢tKS t{5 OFfAONIGA2Y A& o06F&ASR 2y [Fy3IYdzZA NI RAa{NR
which are generated with the MVDs of the corresponding MVD calibrationedarhall and the large

mode (see Section.4.2 and corrected with a scaling factor in order to better match the combined
calibrated MVDs. The twoistributions are then fitted with a gaussian bell curve. The cumulative
volume is then recreated from the two distributions by using the ratio between the calibrated LWCs
of the small and the large mode (see Sectoh.5).

Figure31 shows the resulting cumulative volumes of the calibrated PSDs (left) and a comparison with
the Appendix O requirement for FZDZ MVD > 40 um (right). The calibrated PSDs match the
requirementwithin £15%, where FZDZ L4 showed the most promising result with deviations of less
than+10%. IrFigure32, the calibrated and measured cumulative volumes are compared by means of

a ¢q plot. A good agreement between the calibration and the measurement was achieved, indicating
deviation of less thart10%.
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4.4.4 L\WC Measurements

For the FZDZ MV®40 umcondition, LWC measurements from different instrumentation mainly for
Setting 1 and 2re available Table7 lists the investigated conditiong. KS &t g 0¢ O2f dzYy
airspeed independent water content, which is calculated according to Equation 2, wieereimber

of operative circuits has to be set to 1, as the bimodal distribution always requires both modes.

Table7: LWC Measurements for FZDZ My pum conditions

Setting Mode Instrument | TAS | SAT LWCxV LWC Year
[m/s] | [°C] [g/m?s]  [g/m?

FZDZ L1 Both Blade 50 -18 31.50 0,63 2016
FZDZ L1 Both Blade 55 | -18 | 3143 0,57 2016
FZDZ L1 Both Blade 60 | -18 | 3143 0,52 2016
FzZDzZ L1 Both Blade 65 | -18 | 30.53 0,47 2016
FzZDzZ L1 Both Blade 80 | -18 | 3143 0,39 2016
FzDzZ L1 Both WCM2000| 50 | -18 | 28.00 0,56 2016
FzZDZ L1 | Both WCM2000| 50 | -5 27.50 0,55 2016
FzZDZ L1 | Both WCM2000|, 50 | -5 26.50 0,53 2016
FzZDZ L1 | Both WCM2000| 55 | -5 23.66 0,43 2016
FzZDZ L1 | Both WCM2000|, 60 | -5 24.00 0,40 2016
FzZDZ L1 | Both WCM2000|, 60 | -5 24.00 0,40 2016
FzZDZ L1 | Both WCM2000| 70 | -5 25.90 0,37 2016
FzZDZ L1 | Both WCM2000| 75 | -5 27.00 0,36 2016
FzZDZ L1 | Both WCM2000|, 80 | -5 26.40 0,33 2016
FzZDZ L1 | Both WCM2000|, 60 | -5 26.40 0,44 2018
FzDzZ L1 Both WCM2000| 50 | -14 | 29.00 0,58 2018
FzDzZ L1 Both WCM2000| 60 | -14 | 31.20 0,52 2018
FzZDZ L1 | Both WCM2000|, 60 | -5 31.80 0,53 2018
FzZDZ L1 | Both WCM2000|, 60 | -5 31.20 0,52 2018
FzZDZ L1 | Both WCM2000| 50 | -5 29.50 0,59 2018
FzDzZ L1 Both IKP 60 -5 40.20 0,67 2018
FzDzZ L1 Both IKP 50 -5 37.00 0,74 2018
FZzDzZ L1 | Both Nevzorov 30 -5 27.90 0,93 2019
8mm
FZzDzZ L1 | Both Nevzorov 30 -5 28.20 0,94 2019
8mm
FzDz L1 Both Nevzorov 30 -5 28.20 0,94 2019
8mm
FzDz L1 Both Nevzorov 30 -5 28.80 0,96 2019
8mm
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Setting Mode Instrument | TAS | SAT LWCxV LWC
[m/s] | [°C] [gim?s]  [g/m?]

FzDzZ L1 Both Nevzorov 30 -5 30.60 1,02 2019
8mm

FzDz L1 Both Nevzorov 50 -5 36.50 0,73 2019
8mm

FzDz L1 Both Nevzorov 50 -5 29.00 0,58 2019
8mm

FzDzZ L1 Both Nevzorov 60 -5 29.40 0,49 2019
8mm

FzDzZ L1 Both Nevzorov 50 -5 27.00 0,54 2019
8mm

FzDzZ L1 Both Nevzorov 60 -5 27.00 0,45 2019
8mm

FzDz L1 Both Nevzorov 60 -5 25.20 0,42 2019
8mm

FzDz L1 Both Nevzorov 50 -5 23.00 0,46 2019
8mm

FzDz L1 Both Nevzorov 30 -5 24.60 0,82 2019
12mm

FzZDz L1 Both Nevzorov 30 -5 24.30 0,81 2019
12mm

FzZDz L1 Both Nevzorov 30 -5 24.60 0,82 2019
12mm

FzDz L1 Both Nevzorov 30 -5 25.50 0,85 2019
12mm

FzDz L1 Both Nevzorov 30 -5 27.00 0,90 2019
12mm

FzDz L1 Both Nevzorov 50 -5 30.00 0,60 2019
12mm

FzDZ L1 Both Nevzorov 50 -5 21.00 0,42 2019
12mm

FzDZ L1 Both Nevzorov 60 -5 27.00 0,45 2019
12mm

FzDZ L1 Both Nevzorov 50 -5 24.50 0,49 2019
12mm

FzZDz L1 Both Nevzorov 60 -5 21.60 0,36 2019
12mm

FzZDz L1 Both Nevzorov 60 -5 22.20 0,37 2019
12mm

FzZDz L1 Both Nevzorov 50 -5 21.00 0,42 2019
12mm

FzDz L1 Both Waterflow 60 2 28.80 0,48 2020
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Setting Mode Instrument | TAS | SAT LWCxV LWC
[m/s] | [°C] [gim?s]  [g/m?]

FzZDzZ L1 Both CAPS 60 2 34.80 0,58 2020

FZDZ L2 Both WCM2000| 60 -5 22.20 0,37 2018

FZDZ L2 Both WCM2000| 50 -5 27.00 0,54 2018

FZDZ L2 Both WCM2000| 50 | -14 28.00 0,56 2018

FZDZ L2 Both WCM2000| 60 -5 30.00 0,50 2018

FZDZ L2 Both WCM2000| 60 -5 30.60 0,51 2018

FZDZ L2 Both WCM2000| 50 -5 20.50 0,41 2018

FZDZ L2 Both IKP 60 -5 33.60 0,56 2018

FZDZ L2 Both IKP 50 -5 30.50 0,61 2018

FZDZ L2 Both Nevzorov 30 -5 26.10 0,87 2019
8mm

FzDzZ L2 Both Nevzorov 30 -5 24.60 0,82 2019
8mm

FzDzZ L2 Both Nevzorov 50 -5 24.50 0,49 2019
8mm

FzDzZ L2 Both Nevzorov 50 -5 33.50 0,67 2019
8mm

FzDzZ L2 Both Nevzorov 60 -5 29.40 0,49 2019
8mm

FzDzZ L2 Both Nevzorov 60 -5 21.00 0,35 2019
8mm

FzDzZ L2 Both Nevzorov 60 -5 22.80 0,38 2019
8mm

FzDzZ L2 Both Nevzorov 50 -5 17.00 0,34 2019
8mm

FZDZ L2 Both Nevzorov 30 -5 23.70 0,79 2019
12mm

FzDzZ L2 Both Nevzorov 30 -5 21.90 0,73 2019
12mm

FZDZ L2 Both Nevzorov 50 -5 28.50 0,57 2019
12mm

FzDz L2 Both Nevzorov 50 -5 37.00 0,74 2019
12mm

FzDz L2 Both Nevzorov 60 -5 25.80 0,43 2019
12mm

FzDZz L2 Both Nevzorov 60 -5 19.20 0,32 2019
12mm

FzDz L2 Both Nevzorov 60 -5 21.00 0,35 2019
12mm

ICE GENESIB2020- 824310

© ICE GENESIS Consortium

Page32



D6.4Report onFZDZ calibration for each IWT involved in the project (6{0)
28/03/2024

Setting Instrument | TAS | SAT LWCxV LWC

[m/s] | [°C] [gim?s]  [g/m?]
FzZDz L2 | Both Nevzorov 50 -5 15.00 0,30 2019

12mm

FzZDz L2 | Both Waterflow | 60 2 24.00 0,40 2020
FzZDz L2 | Both CAPS 60 2 27.00 0,45 2020
FZDzZ L3 | Both Waterflow | 60 2 27.00 0,45 2020
FZDz L3 | Both CAPS 60 2 33.00 0,55 2020
FZDzZ L4 | Both Waterflow | 60 2 25.20 0,42 2020
FZDzZ L4 | Both CAPS 60 2 28.20 0,47 2020

4.45 LWC Calibration

Similar to the MVD, th&WC calibration curve was also split into two paotse for the small mode,
which is equal to the standard LWC calibration and one for the large mode focusing on the low water
and airpressure settings (Equation 7).

AVOT @0 pcdZN T TP N PG UW G p 120 2 X

Figure33 shows the calibration curve for the small mode, the investigated settings are marked. The
blue lines give the upper and lower air pressure limits for the corresponding wedssuresFigure

34 shows the calibration curve for the large mode, the investigated settings are marked atmwell.
order to calculate the total combined LWC, Equatias 8sed.

0 a0&S N0 Gor
0 66— gL Loy
G o

In Figure35 a comparison between the calibrated and the measured liquid water contents is shown.
Most measurements were within 15% of the calibrated values, with the IKP and CAPS measuring
slightly higher LWCs (up to +25%)t those instruments also have the higheasteasurement
uncertainty. A linear fit of the measurement data gives a slope of about 1.10, indicating a conservative
approach, where the measured LWC is slightly higher compared to the calibration.
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LWC Calibration Curve
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Figure33: LWCcalibration cure forsmall Mode oFZDZ MVDB 40 pum conditions
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Figure34: LWCcalibration curve fotarge Mode of~ZDZ MVDB 40 pm conditions
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Figure35: Comparison of calibrated and measutegliid water contents foFZD2VVD > 40 pm

The achievable LWC envelope for different test section airspeeds is shdviguie36. The lowest
possible LWC at 80 m/s is3@.g/m3, the highest is @5 g/m3. At 40 m/s the lower limit is 64 g/m3
and the upper limit is G1 g/ms.
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Figure36: RTA LWC envelope compared to Appendix O requirement for FZDZ with an MVD of larger than 40
pum, for 40 m/s, 60 it and 80 m/s
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4.4.6 LWC Uniformity

The LWC Uniformity has been investigated using a standard ice accretion grid and a Nevzorov Probe
(from DLR) mounted on a traversing system (as showigare37). TheNevzorov mappings were
performed at an air temperature of 5°C, as the traversing systarmotbe operated under icing
conditions.

The resulting uniformity plot from the accretion grid measurement is showfignre38® ¢ KS & C %5 %
[Mé &aLINI & y2iT1tS aSiidAay3a 61 a dzaSRd ¢KS YSI &adzNBY!
m/s, at an ambient temperature 61.8°C. Overall a very uniform distributiatl0%) was observeior

the majority of the test section. In the lower region some peaks (up to 20% increased LWCs) were
observed.

The Nevzorov Probe mappings were performed at an air temperature of 5°C, as the traversing system
cannot be operated under icing conditions.Higure39 and Figure40 the resulting uniformity plots

2F aSGidAy3a acw5% [ né I NBof 40k FigureZl Bhbwslthe unfodmity 4 S O A
plot for the same setting at an airspeed of 60 n#¥&yure42shows the LWC distribution with only the

fI NBES Y2RS ¥TNRY aSidAy3a acw5% [né OGABST G |y
All measurements have shown good distributions with deviations wi#2i0% compared to the

geometrical test section centre.oBr methods have delivered very similar results, with regions of

higher LWC in the lower area of the test section.
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Figure37: Photograph of traversing system with mounted Nevzorov Probe
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Figure38: LWC Uniformity foeFZDZ Llat a test section airspeed of 60 m/s, measured using the ice accretion
grid
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Figure39: LWC Uniformity fod=ZDZ i &t a test section airspeed db m/s,test section mapping with
Nevzorowrobe, spay bars 310 were active
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Figure40: LWC Uniformity fod=ZDZ i &t a test section airspeed d0 m/s,test section mapping with
Nevzorowrobe, spray bars-B1 were active
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Figure41: LWC Uniformity fod=ZDZ i &t a test section airspeed 60 m/s,test section mapping with
Nevzorowrobe, spray bars-B1 were active
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Figure42: LWC Uniformity fothe large mode ofFZDZ 1L &t a test section airspeed d0 m/s,test section
mapping with NevzoroRrobe, spray bars-B1 were active

4.4.7 PSD Uniformity

A mapping of the PSD has been performed with the CAPS probe form DLR. The resulting distributions
are shown irFigure43. In general, the measured MVD was very constant and remained witidi$h
compared to the measured MVD in the centrelifidthe spot with the 25% higher MVD might be due

to an issue vth an individual nozzle, rather than a general non uniformity. No indication for a droplet
size separation due to gravitational influences was observed for FZDZ MVD > 40 um conditions.
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4.4.8 Droplet Temperature Measurement

Droplet temperature measurements have been performed by Rainbow Vision using theMi@RT
instrument. Thaneasurement has been performed with only the large mode of FZDZ L4 on both spray
bar circuits active in order to increase the number of large droplets. The test section airspeed was set
to 60 m/s at a SAT 66°C.The measured water temperaturi@ the sprg nozzle supply linewas
between 5°C and 8°C.

Figured4 (left) shows a timodal RosiFRammler fit of the measured PSD, the measured MVD is in the
region of 140 um. In the right the recorded rainbow image from which the average temperature was
derived is shown. An average droplet temperature4fl°C was measured for the large mode of the
FzZDz MVD > 40 um condition, which indicates a supercooled state of the large particles. This
measurement confirms numerically obtained results.

Droplets size distribution
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Figure44: Example of validated measurement at RTA (for air temperateséG; air velocity = 60 m/s, fitted
PSD (left), recorded rainbow image (right)
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4.4.9 Droplet Circularity

A rough estimation of the droplet circularity was derived from @@ images obtained during the PSD
measurements. A set of about 50 randomly selected droplets with equivalent diameters ranging from
about 100 to 450 um were analyzed using an algorithm implemented in the Matlab Image Processing
Toolbox. Equation 9 show®Ww the circularity was calculated. Figure45 the resulting circularity
values are listed. Circularities from 0.8 to ~1 were obtained, where 1 describes a pediectSame
values exceeded a circularity of 1, this is due to the uncertainty in the area and perimeter estimation.
A slight trend towards more non perfect circles with increasing droplet sizes was identified.
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Figure45: Circularity estimation based on CIP measurement results of FZDZ MVD > 40 pum
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5 CIRA Icing Wind Tunnel
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This facility has three interchangeable test sections and one open jet configuration. THe;aewth

main internals and configurations is showrFigure46 with a table summarizing main performances.

Some features are still unusual for large icing wind tunnel: downstream the fan diffuser, a twin row
heat exchanger is also capable to control the air Relative Humidity (RH) before the spray bar, by means
of a hot aircompressor and steam injection. Controlled humidity ranges between 70% and 100% for

4 SYLISNI GdzNB a

0Si6SSy btwmpc/

Control accuracy is within = 5% RH.
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IWT configuration Test section size @ Mach max SAT(°C) AItltude(m)

Main 2,25 x235x 7,0 0,41 -32° <T<+40
Secmdary 1,15x 2,35 xBm 0,7 -40° <Te<+40
Additional 3,60x2,35x8,3 0,25 -32° <T<+40

Openjet 2,25x2,35x7,0 0,34 -32° <Te<+40

up to 7000

Figure46: CIRA Icing Wind Tunnel layout with main information on the test section configurations and

The facility settling chamber is fitted with a honegdo module to reduce large scale eddies thus

performance

Loz #

K dzY A F

on

] the
e

ensuring flow straightening. Downstream the honeycomb, an interchangeable section provides the
possibility to switch the spray bar module with the screens module to improve the flow quality in the
test section dbwing the execution of the aerodynamic tests. A 0.7 MW centrifugal compressor unit
allows the pressure to be regulated between 0.39 bars (corresponding to an altitude of 7000 meters)

and 1.45 bars. While depressurization is used to simulate altitudeciog itests, pressurization,

combined with a reduction in air temperature, helps to increase the Reynolds number for

aerodynamic tests.

The SBS is located in the IWT stilling chamber, about 18 meters upstream the centre of test section,

thus assuring a drdet residence time higher enough to achieve supeoling conditions even for

large droplet sizes. The SBS has 20 bars having a low drag aerodynamic shaped section, whose main
feature is a low sensitivity to flow separation. Each bar is removable and enagrtically adjusted
for optimising cloud coverage and uniformity, if necessary, during the calibration phasespray
nozzle types, one for small droplet spray and another for large droplet spray at the same air and water
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pressure settings, were select to produce low LWCs to define an SLD envelope as close as possible
to the Appendix O requirement for expected airspeed range. The two spray nozzle types were installed
on each bar alternately until they covered its central section with up to 30 spraglesthat can be
remotely and independently activated through a solenoid valve using the same air and water
manifolds for bothThirty of twenty spray bars were used during the calibration, changing the number
of operating spray nozzles on the base ofdition (LWC and cloud uniformity) to reproduce by Facility
Management System Softwar€&herefore, the SBS may use a single spray nozzle type (up to 15 per
bar) to reproduce one PSD mode (small fA&Ide or large PSBhode) or both spray nozzle types for
bi-modal PSDclouds.The last SBS configuration can operate using the same air and water pressure
settings for all the bars, taking advantage of different spray plume characteristics to genemnate i
clouds. Another modality to operate using this configima of the SBS is to set different air and water
pressures to the odd bars with respect to the even bars. With this modality, water mass may change
independently for each mode forming the PSD of the bimodal clouds.

5.1 Feasibility Study

Before to proceed wit cloud calibration, to predict the behaviour of the SBS with different
configurations, a simulation model was built considering the dViRRAtestleg geometryFigure4?).

This modelvasbased omAnsysFluentlimited tothe CIRAWT test leg with the spray bar configuration
setting with two types of spray nozzles to generatenuidal cloud condition at 110 mdhave been
studied A model with more than AP of polyhedral cells has been developed to study the effect of
modified spray bar parameters and spray nozzles layout on main cloud propiietiestest section
6S®IPE RNRLI SGaQ GNI2SOG2NASas RNRBLI SGaQ GSYLISNI
Results have shown the possibility to predict potential overlapaikr mass in the reference area of

the test section due to large droplets trajectories which amplitude depends of the spray nozzle plume
angle combined by location of the spray nozzle on the spray bar. The simulation of the internal flow
profiles for boh velocity and water volume fraction have been studied for each spray nozzle types to
predict the spray plume angle for representative air/water pressures. Results have been combined
with experimental characterization of each spray nozzle type for a sefiais/water pressures that
provide the droplet diameter statistics. The measurements have been used for building the PSDs
based on the RosiRammler (RR) distributions for CFD input. These distributions with information on
the spray plume angle has beaged as boundary conditions for the simulation of droplet trajectories

by injecting water droplets in the settling chamber by each spray nozzle, considering in the simulation
the portion of the spray bar system reported in yellow rectangle ofRigrire47. Figure48 shows the

two phases of the simulation with an indication of tygli results achievable for different spray nozzle
grids on the spray bar array selected for this study.

MTS Tunnel Geometry
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Figured7. CIRAWT sketch showing the geometry considered for the CFD simulation with the test lag of the
MTS configuration and the SBS.

The model predicts how far specific condition could be by uniform distribution of the main cloud
parameters in the test section, including the water droplet temperature, showing for each condition
the estimated cumulative yame fraction and normalized volume distributi¢fRigure48).
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Figure48: Study of the spray bar performance when equipped with two spray nozzle types. The first phase of
this study analyses the mainhase flow parameters inside and outside each spray nozzle type. The
simulation of the clod inside the IWT test leg duct (phase 2) includes the assessment of LWC homogeneity with
indication of potential PSD (normalized volume distribution) modifications due to different spray nozzle
patterns on the spray bar module: (a) The two type of theysprzzles are alternating on each bar; (b) each
bar has a different spray nozzle (the even bars are those that produce large drops, and the odd bars are those
that produce the smaller drops).

Results showing how may change the LWC distribution in thestatton based on different SBS
configuration and the estimated water droplet temperature achieved based on airflow conditions
(droplet residence time). The examplehigure48, shows the parcel drop size within the sampling
window of the SB$or the mono-modal PSDRjgure48a)at 0.7 gm® of LWC, and 186m of MVD. This
condition changing when the odd bars of the SBS are limited to injects the smaller droplets of the PSD
and the even bar the large one is set &ngrate the bimodal clouds resulting in higher value of LWC
achieving 1.17 grhwith 134mm of MVD. These comparisons have been done at 110 ms

5.2 SBS Configurationsnd Rationale for theMatrix of Aoud GConditions

The SLD cloud generation has been cheraed using different Spray Bar System (SBS) configurations
equipped with a different density of active spray nozzles that range from 130 to 195 in function of the
target values of LWC and cloud uniformity to achieve in the tests sedtfenSLD improvement was
achieved for CIRANT, selecting a new water atomizer for better cloud uniformity and coverage area
in the test section for the lower LWC values than the previous SBS configuration equipped with the
spray nozzle with a single jéihe new atomizeoperateswith multi-jet spray to increase the spray
plume angle to cover a largerosssection of thespray bar when théow LWC value to target requests

a reduced number of active spray nozzl€e.generate the Appendix O clouds limitedthe FZDZ
conditions with MVD below or higher than 4th and the Appendix C cloud conditions, 13 k{f@m

bar#4 to bar#16)eachequipped with30 spray nozzk have beersuited on the SBS for fast change
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from Appendix C to Appendix Ohe total of 39Gspray nozzles was symmetrically distributed in the
crosssection of the settling chamber to limit the effect on the cloud uniformity passing from Appendix
O to Appendix Qgravitational effects on large droplet trajectorie3he two types of spray nozzles
have been alternatively installed in each spray bar (fepray bamosition 11 tosprayposition 40),
allowing the change of the SBS configuration through the remote activation of the solenoid valve in
each spray nozzle to turn the water flow in or offr feach one. Th&able8 below reports the
description of the SBS configuration in use with the number of active spray nozzles, the spray nozzle
type, and the numbepof conditions tested for each SBS configuration. The first column provides a
code name for each spray bar configuration used in the matrix of conditions. The objective was to
explore the full potentiality of the SBS equipped with the new nozzle type irbication with the
available singlget spray nozzle to produce a bimodal spray at low LWCs.

ID_SBS Singlejet SN | Multi-jet SN Even bars Odd bars PSD / MVD LWC
configuration | # of active spray| # of active spray # of active spray, # of active spray meas.points (#) meas. points (#)
1A2_SLD2 195 0 105 90 38 102
1A2_SLD3 0 195 105 90 10 8

1A2_SLD5 90 105 105 90 28 47

1A3_SLD6 65 65 5 5 13 9

Table8: Spray bar system configurations with the indication of the typeramdber of active spray nozzles in
use during the PSD/MVD and LWC measurements at the center of the test section.

Figure49 shows an example of a comparison between tivo spray nozzles at the same air/water
pressure settings using a Laser Sheet Imaging (LSI) method to measure the intensity of the spray plume
showing different spray concentration distribution in terms of size, shape and relative distribution of
the spay plume at the same distance from the nozzle eiieasurements were performed by
Spraying Systems & Co. in ambient conditions using their open circuit aerodynamic wind tunnel by
installing in the test section spray nozzle to study the spray plume clegistads when submitted at

the same airspeed of the CIRAT settling chamber (10 Mk
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Figure49: Water spray concentration measured by LSI system in the spray plume generated Hets{ogle
the left) andmulti-jet (on the right) spray nozzle.

The last two SBS configurations showiiable8, 1A2_SLD5 and 1A2_SLD&2_ SLD5 and 1A2_SLD6,
have been tested to measure tipotential capability to generate the donodal PSD. For the first one,

the air and water pressure settings of the even bars were chosen to produce large droplets, while the
pressure settings of the odd bars were chosen to produce small droplets. In tHiguration, the
capability to modulate the mass flow, whether for a small or large size range, determines the degree
of variability of the small and large modes in thermdal PSD. The last SBS configuration, 1A3_SLD6,
has been used by setting all the baat the same water and air pressures and using different spray
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nozzle features to generate small and large particles from the same bar. The total number of spray
nozzles has been reduced for this configuration to allow the generation of clouds at lowgr LW

The following sections describe the measurement executed for each configuration of the SBS and the
results obtained with this first part of CIRWT cloud characterization.

5.3 PSD/MVD Measurementand PreliminaryResults for FZDZonditions

The measuremets activities in the CIRAVT were planned to a single slot from April 2022 to early
June 2022 with the objective to collect enough data to support WP8 test campaign, just after the
calibration activities. For this reason, not enough condition points weeasured to collect a valid
number of statistical data to determine general calibration curves for MVD/PSD to correlate with LWCs
data.

5.3.1 PSD/MVD Test Matrix

The test matrix has been defined considering the cloud conditions based on past air and water
pressue settings already tested in CHRAT with the singlget spray nozzle. For the airflow, the
conditions were based on the requirements foreseen for theWP8 test campaign to be performed just
after the end of the measurements of CHRMXT cloud calibratiorzor this reason, the flow conditions

were defined for two airspeeds and three pressure altitudes. The matrix b@able9) reports all

the airflow and SB&ettings used during the measurements with DLR CCP probe from May 3rd to May

5h 2022.¢ KS O2fdzyYy dat{5 Y2RS¢ ARSYGATASE GKS akKkl LIS
unstable cloud conditions that need further investigation/measurements.

Cloud C| = |V - |Ts - | Ttot - |h - |Paireve ~ |Pwatev| = |Pairodd ~ |Pwatod| = [PSD mod ~ | GRID-Nozzle T =
8 60 -2 -0,2 1524 50 30 50 30|bi-modal 1A2_SLD#2
8 60 -2 -0,2 6096 50 30 50 30(bi-modal 1A2_SLD#2
104 110 -8 -2 6096 221 166 221 166|mono-modal1A2_SLD#2
97 110 -8 -2 6096 220 164 220 164/mono-modaf{1A2_SLD#2
105 110 -8 -2 6096 107 81 107 81[n.a. 1A2_SLD#2
53 110 -8 -2 6096 110 60 110 60[n.a. 1A2_SLD#2
96 110 -8 -2 6096 123 67 123 67|n.a. 1A2_SLD#2
27 110 -8 -2 6096 60 40 60 40{mono-moda|1A2_SLD#2
75 110 -6 0 6096 20 10 20 10|mono-modaf1A2_SLD#3
73 110 -6 0 6096 60 30 60 30{mono-modaf1A2_SLD#3
72 110 -6 0 6096 30 20 30 20|mono-modaf1A2_SLD#3
71 110 -6 0 0 70 40 70 40{mono-moda|1A2_SLD#3
72 110 -6 0 0 30 20 30 20|mono-modaf1A2_SLD#3
75 110 -6 0 0 20 10 20 10|mono-modaf1A2_SLD#3
76 110 -6 0 0 20 20 20 20|mono-modaf1A2_SLD#3
78 110 -6 0 0 70 20 70 20|mono-modaf1A2_SLD#3
73 110 -6 0 0 60 30 60 30|mono-moda|1A2_SLD#3
88 110 -6 0 0 50 30 50 30{mono-modaf{1A2_SLD#3
9 100 -6 -1 0 20 20 20 20|mono-moda|1A2_SLD#2
10 110 -6 0 0 30 20 30 20{mono-moda|1A2_SLD#2
30 110 -6 0 0 70 40 70 40|mono-modaf{1A2_SLD#2
96 60 -2 -0,2 1524 123 67 123 67[mono-moda|1A2_SLD#2
58 60 -2 -0,2 1524 110 60 110 60[n.a. 1A2_SLD#2
26 60 -2 -0,2 1524 60 30 60 30|bi-modal (?)[1A2_SLD#2
7 60 -2 -0,2 1524 20 10 20 10|bi-modal (?)[1A2_SLD#2
87 60 -2 -0,2 1524 70 40 190 100|bi-modal 1A2_SLD#5
86 60 -2 -0,2 1524 60 30 190 100|bi-modal 1A2_SLD#5
85 60 -2 -0,2 1524 50 40 190 100|bi-modal 1A2_SLD#5
84 60 -2 -0,2 1524 40 20 190 100|bi-modal 1A2_SLD#5
83 60 -2 -0,2 1524 50 20 190 100|bi-modal 1A2_SLD#5
110 60 -2 -0,2 1524 20 30 190 100|mono-moda|1A2_SLD#5
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25 60 -2 -0,2 6096 60 20 60 20|n.a. 1A2_SLD#2
26 60 -2 -0,2 6096 60 30 60 30(bi-modal 1A2_SLD#2
27 60 -2 -0,2 6096 60 40 60 40[bi-modal 1A2_SLD#2
9 60 -2 -0,2 6096 20 20 20 20|mono-modaf1A2_SLD#2
96 60 -2 -0,2 6096 123 67 123 67|mono-modaf1A2_SLD#2
97 60 -2 -0,2 6096 220 164 220 164/mono-modaf1A2_SLD#2
83 60 -2 -0,2 6096 50 20 190 100|bi-modal 1A2_SLD#5
84 60 -2 -0,2 6096 40 20 190 100|bi-modal 1A2_SLD#5
85 60 -2 -0,2 6096 50 40 190 100|bi-modal 1A2_SLD#5
86 60 -2 -0,2 6096 60 30 190 100|bi-modal 1A2_SLD#5
87 60 -2 -0,2 6096 70 40 190 100|bi-modal 1A2_SLD#5
110 60 -2 -0,2 6096 20 30 190 100|mono-moda|1A2_SLD#5
99 110 -6 0 1524 301 207 301 207|mono-moda|1A2_SLD#2
97 110 -6 0 1524 220 164 220 164/mono-modaf1A2_SLD#2
100 110 -6 0 1524 129 86 129 86[n.a. 1A2_SLD#2
96 110 -6 0 1524 123 67 123 67|n.a. 1A2_SLD#2
53 110 -6 0 1524 110 60 110 60|n.a. 1A2_SLD#2
98 110 -6 0 1524 123 50 123 50|n.a. 1A2_SLD#2
127 110 -6 0 6096 20 30 301 207|bi-modal 1A2_SLD#5
85 110 -6 0 6096 50 40 190 100|bi-modal 1A2_SLD#5
86 110 -6 0 6096 60 30 190 100|bi-modal (?)[1A2_SLD#5
87 110 -6 0 6096 70 40 190 100|bi-modal 1A2_SLD#5
26 110 -6 0 6096 60 30 60 30{mono-moda|1A2_SLD#2
25 110 -6 0 6096 60 20 60 20{mono-moda|1A2_SLD#2
9 110 -6 0 6096 20 20 20 20|mono-moda|1A2_SLD#2
26 110 -6 0 1524 60 30 60 30|mono-moda|1A2_SLD#2
41 110 -6 0 1524 70 50 70 50{mono-moda|1A2_SLD#2
13 110 -6 0 1524 160 70 160 70|n.a. 1A2_SLD#2
3 110 -6 0 1524 160 80 160 80[mono-moda|1A2_SLD#2
90 110 -6 0 1524 160 90 160 90|mono-modaf1A2_SLD#2
2 110 -6 0 1524 160 120 160 120|mono-modaf1A2_SLD#2
39 110 -6 0 1524 190 90 190 90|mono-moda|1A2_SLD#2
85 110 -6 0 1524 50 40 190 100|bi-modal 1A2_SLD#5
87 110 -6 0 1524 70 40 190 100|bi-modal 1A2_SLD#5
128 110 -6 0 1524 40 30 190 100|bi-modal 1A2_SLD#5
127 110 -6 0 1524 20 30 301 207|bi-modal 1A2_SLD#5
110 110 -6 0 1524 20 30 190 100|bi-modal 1A2_SLD#5
111 110 -6 0 1524 20 20 190 100|bi-modal 1A2_SLD#5
86 110 -6 0 1524 60 30 190 100|bi-modal 1A2_SLD#5
81 110 -6 0 0 20 20 20 20{mono-moda|1A3_SLD#6
82 110 -6 0 0 20 40 20 40|mono-modaf{1A3_SLD#6
83 110 -6 0 0 50 20 190 100|bi-modal 1A2_SLD#5
84 110 -6 0 0 40 20 190 100|bi-modal 1A2_SLD#5
85 110 -6 0 0 50 40 190 100|bi-modal 1A2_SLD#5
86 110 -6 0 0 60 30 190 100|bi-modal 1A2_SLD#5
87 110 -6 0 0 70 40 190 100|bi-modal 1A2_SLD#5
80 110 -6 0 0 40 50 40 50/mono-modaf1A3_SLD#6
115 110 -6 0 0 30 20 30 20|mono-modaf{1A3_SLD#6
116 110 -6 0 0 30 30 30 30|n.a. 1A3_SLD#6
117 110 -6 0 0 30 90 30 90|n.a. 1A3_SLD#6
118 110 -6 0 0 40 20 40 20|n.a. 1A3_SLD#6
119 110 -6 0 0 40 30 40 30{mono-moda|1A3_SLD#6
120 110 -6 0 0 50 20 50 20[n.a. 1A3_SLD#6
121 110 -6 0 0 50 30 50 30{mono-moda|1A3_SLD#6
123 110 -6 0 0 50 40 50 40|n.a. 1A3_SLD#6
124 110 -6 0 0 60 30 60 30(bi-modal 1A3_SLD#6
125 110 -6 0 0 60 40 60 40[n.a. 1A3_SLD#6
8 110 -6 0 1524 50 30 50 30[n.a. 1A2_SLD#2

Table9: Matrix of cloud conditions (in the first column) used during the PSD/MVD cloud characterization with
DLR CCP probe
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5.3.2 PSD/MVD Results from Preliminary SLD Calibration

The assessment of the FZDZ conditions in-GNRAveremainlysupported by DLR using the CCP probe
(Figure50), which is a combination of scattering technique, CDP witma 2 50 nm size range, and
CIRG probe, an Optal Array Probe with a 18m ¢ 930 mm size rangeCIRA 4BPDI probewith size

range im ¢ 698 nm has also beemused during the measurements for low concentration cloud
conditions.

TR ; .
Ch#l + ch#%;/ . RCVR ch#1

i : W 1c116> Y%

RCVR ch#2

5¢698> Y

Figure50: DLR CCP (Cloud Combination Prohédhe left,installed in the centerline of the CIRA IWT test
section during the PSD/MVD measurement sSIoRA 4EBPDI on the right installed with sample volume located
on the centerline, in the same position of DLR CCP.

The measurements have been performed at the centre of rotation of the model support system after
cloud uniformity check performed with icing cylinders.

Figureb1to Figure54 shows the features of each spray bar configuration to generate clouds for some
conditions close to the FZDZ cumulative volume fractions curves for MVD aetbhigher than 40

mm at low liquid water content values. Some other conditions are far from target PSD requirement
and this is manifested by the fact of data processing and analysis has not been followed by a second
measurement slot with adjusted air/watgressure settings. What has been learned from these first
results is how the influence of the SBS configurations (spray nozzle types ratio) is sensitive to the
facility's target requirements (Appendix O).

In Figure 51, the resulting PSDs are compared with the reference cumulative volume fraction
described in Appendix O. Cloud conditions are generated using the-@hgleray nozzle with the
spray bar configuration 1A2_SLD2.
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Figure51: Cumulative volume fraction measurbyg CCP and 4BPDI at 110 m& measured with 1A2_SLD2 of
SBS configuration.

The three dashed curves collected by CCP andtPBhow some variability to agree with the full
reference curve of FZDZ below #@nmm from about 70% of cumulative volume fraction, even if the
two 4DPDI measurements are quite close below this value. For the cloud generated with this spray
bar configuration, the data measured showed the MVD changes betweemtr8ahd 21.3rm and

LWC ranging from 0.3 to 0.54 ¢in

Spray bar grid: 1A2_SLD#3
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Figure52: Cumulative volume fraction measured by CCP probe at 140measured with 1A2_SBbf SBS
configuration.

Spray bar grid: 1A3_SLD#6
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Figure53: Cumulative volume fraction measured by @& PDI probat 110 msl measured with 12 SLB
of SBS configuration.
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Spray bar grid: 1A2_SLD#5
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Figure54: Cumulative volume fraction measured by CCP and PDI probe at illtheasured with 12 SLB
of SBS configuration.

In particular, the SBS with 1A2_SLD2 grid configuration equipped with-ghgfgay nozzles allows

the generation of low MVD at low LWC and provides most of the monomodal PSDs for both FZDZ
envelopes. Thisanfiguration will be consistent with the values to achieve with FZDZ with MVD < 40
nmm (FZD4n). Considering the same number of active sprays, 195, using the-jetudpray nozzles

with 1A2_SLD3 spray bar grid configuration, the PSD shape becomes, for most of the conditions
tested, bimodal and close to the target PSDs for some conditions, as sfaywine case of the test

point 10 reported inFigure52 as an example.

Spray bar grid: 1A2_SLD#3
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Figureb5: Example of the quantitquantile plot showig the agreement between the measured PSD and
Appendix O requirement with 1A2_SLD3 spray bar configurddiata. has been collected by CCP probe at 110
ms? and at pressure altitude of 6096 m.

To quantify the degree of agreement between reference PSD iergip O and test point 1&igure
55reports the quantilequantile plot showing how their difference changes for the full diameter range
within the uncertainty threshold determined by the PSD target requiremiéat.this cloud condition,

the deviation from the reference PSD is almost out&igdd 0%, even if must be highlighted that small
changes in the spray bar settings may influence the behaviour shokigune55.

The SBS with 1A2_SLD3 grid conéiion shows an advantage in changing the PSD shapes from
mono-modal to bimodal for the FZDZ with MVD>edth (FZDZ20ut). This configuration has limitations

in generating the small droplets and, thus, difficulties in covering the envelope defined in thér-2DZ
Despite the advantage of overlapping the FAMH, this SBS configuration shows some difficulties in
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maintaining the requested bnodal PSD shape by changing the mass concentration for each of the
two modes of PSD of FZDut requirement through the wéation of the spray bar pressure settings,
keeping the LWC within the target values (< 0.33)rfor expected airspeed range (e.g., from 60'ms

to 120 ms'). At this end, theuse ofSBS with 12 SLD6 and th&A2_SLD5 grid configuratio(féigure
53andFigure54) are able to produce binodal PSDs at low LWé&Spectively with a medium and high
level of controllability of small and large mode of the PSDs shapes.
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Figure56: Effect of the spray bar configurations on water mass distribution foséime condition: 110 m& of
airspeed with the SBS setting at the same air and water pressures (case a and c) excluding the case (b) with half
spray nozzles setting at higher pressures to generate the smaller droplets.

An example of variability in the PSiEape is provided by Figure 54, which shows the sensitivity of the
CIRAWT spray bar system with the dLWC/dlogD plots. The area below these plots represents the
LWC of the artificial clouds generated with the air pressure at 60 kPa and the water pras3diidPa

for each spray bar configuration shown in this figareluding the case &figure56 b, where only the

even bars (105 muHet spray nozzles, seékable8) are setting to the same air and water pressures to
contribute for large droplets concentration in the clouthus, the 1A2_SLD5 spray bar configuration
has the same umber (195) of active spray nozzles as the 1A2_SLD3, but almost half of active spray
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nozzles (90 with the single jet type) contribute to the concentration for the lower part of PSD diameter
represented in theFigure56 b. Therefore, by changing the air and water pressures only for the odd
bars, the concentration of the small droplet diameter range in the PSD moligime56 b can be
modified. PSD/MVD cloud calibration for FZDZ with such spray bar configuration requests an iterative
measurement process that includes attempt data processing and analysis followesa didditional
measurement section to finalize the full calibration at different flow conditions (airspeed and pressure
altitude).

5.4 LWC measurements

Measurements have been performed at the center of rotation of the model support system with SEA
WCM2000 wth multi-wire (MW) by using its total water content (TWC) sensing element and the

Robust Probe (RP). The secondWwot sensor agrees well with the MW and provides a more accurate
YSIFAdzZNBYSYyd F2NJ fFNBSNJ a+x5 05 H reprovidvigunekpgedtdd | 44 S & 3
FZRA clouds [8Figure57 shows the setp of the RP during the measurement section. Up to 150 test

points were collected during the measurents, most with the 1A2_SLD2 spray bar configuration to
characterize the full LWC envelope at 110%asd sea level pressure altitude. The LWC for the other

SBS configurations has been characterized only for some limited conditions for checking achievable

LWC values.
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Figure57: LWC measurements with RP installed on the strut to locate its sampling volume at the centerline of
the CIRAWT test section. The plot on the top shows the sensor element temperaturg theiacquisition
and between each test point. TWC behaviour for some conditions is shown in the bottom plot.

The ollision efficiency is an important correction factor for hwire probes andhas been determined

on the base of sensing elemeggometryin agreement to the reference [8This parameter describes

the impingement of water droplets due to their inertia, drag, and interaction with the aerodynamic
flow field and do not include splasty and reentrainment of droplets impacting the sensor, which
can dominate net sensor efficiency especially for SLD. For each test point, an appropriate time average
of the measurements to show stable values (e.g., 60, 90, or 120 sedmnads)een collecied at total

air temperature below zero to prevent droplets-cgculation. The dry power responsges been
directly extracted by the sensing element taking a stable dry period when spray is not present.
Between each spray point, the dry power vahes be@ verified with LWC=0 g fto ensure that
neither droplet recirculation nor ice formation on the sensing element or around the probe that may
affect the accuracy of subsequent measurement points would occur.

For available measurement slot, only one SBS configuration, the 1A2_SLD2, have been characterized
and results are shown iRigure58.
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Figure58: Cloud LWEalibrationgenerated by 1A2_SLD2 spray bar configuration at 1tbamd with pressure
altitude at sea level.
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Figure59: LWC calibration envelope for FZDZ cloatitions generated by 1A2_SLD2 spray bar configuration

Data have been collected & °C of air temperature, but the same conditions have been tested up to
-18 °CFigure59 abovecompares the envelope covered by the same SBS configuration over a range
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of SAT with the FZDZ requirement. Further measurements with other SBS configurations must be
performed considering the wide potentiality of improvement of the SLDdckEnvelope in CIRAVT.

5.4.1 LWQuniformity

Preliminary assessment of cloud uniformity and coverage area in the reference plane at the akent
rotation of the model support systetmas been performed for each spray bar configuraadiow, 60
ms?, and hidp speed, 110 ms

Test #04
V=60 mis, T=-10°C, h =s.l, P, = 60 kPa, P, = 30 kPa
grid=1A2_SLD#3 - MVD = 40 pm LWC = 0,5 gm-3

= 1,580-2,00
= 1,60-1.80
= 140-1,60
=1.20-140
= 1,00-1.20
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Figure60: Cloud uniformity for one of the Appendix C conditions was measured with an Icing Grid al @@ ms
sea level of pressure altitude. Cloud has bgemerated with 1A2_SLD3 spray bar configuration at minimum
MVD.
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For this task, both the Icing Calibration Grid (IG) and the Icing Cylinders (IC) method have been used.
The first method mainly applied for the Appendix C, according to the guidelihesRB 5905
(Aerospace Recommended Practice SAE ARP5905, Sept. 2015). At low MVDs, the IG will provide
guantitative information on the local LWC and thus its spatial distribution through contour maps
derived by using a dimensionless ratio of the LWC atendocation in the test section divided by the

LWC at the centre of the test section. The LWCs are derived from ice thickness measurements at
midpoints of vertical IG components. For the measured test cases, a good coverage and cloud
uniformity in refererce area have been found with expected LWC variation wifo as shown the
example reported ifrigure60. Figure61 shows an example of the result achieved by cloud uniformity
check for a typical Appendix O conditions with the ice thickness along the IC collected at-116rms
110nmm of MVD and 0.5 g8 of LWC. The plot ihigure61 highlights how the ice thickness values on

the three cylinders, normalized to the ceatvalue of the central cylinder, fall within the threshold

limits of ° 20%.
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Figure6l: Variation of the ice thickness along the three cylinders located in the reference area of the test
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5.4.2 DropletTemperature Measurement

The objective of measurements performed Rginbow Vision using their GRIIni instrument was

to measure the temperature of large droplets inside the CIRA Icing Wind Tunnel for different cloud
concentratiors and distributiors. As for the natural rainbow,results are based on thesum the
rainbowssignals scatteringrom several dropletgpassing through the probe volume providing the
mean droplet refractive index that could be sensible to the droplet shapes ltinR LISpRdricst. &
The droplet temperature measuremerg very difficult to achieve in the range &f5 °Cdue to not
biunique relationship between the droplet refractive index and its temperature.

In May 2022, an upgraded version of @Rifi has been tested for the first time at CIRA. The -GRT
Mini was installed horizontally inside the wind tunnel as showFiguire62. The measurement device

is connected with the optical fibre and controlled from the control room at a distance of about 30
meters. A fourdays measurement campaign has been carried out at €@tRRAwhich oneday using

for setting up the device insgthe IWT

To validate GRMini operation and adjustment, a successful calibration experiment has been carried
out inside the CIRA IWT, by measuring the temperature and size distribution of a spray created by an
ultrasonic nozzleThe temperature of the jected water was equal to the air temperature in the wind
tunnel which was equal to about 15.3°C (with an air velocity equal to 0 Figg)re62, is an example

of recorded global rainbow signal. In this case, the measured average refractive index was equal to
1.3357 with a standard deviation equal to 0.00019 corresponding to a droplet temperature equal to
~15 °C with the standard deviation of about 2°C.

Comparisan txpufclnkd :
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Droplet size measurement by
indiviual rainbow

Measured diameter(microns)

o 20 40 60 80
Image number

Figure62: GRTMini probe layout in CIRAVT with ice contamination on its struct. An example of a global
rainbow image with the associated angular light distribution for a spray created (on the right).

The CIRA wind tunhairflow condition was sedt 45 ms!, the maximum airspeed achievable for safe
mechanical conditions of the probe strut, avoiding excessive vibration during the measurements
amplified with the icing building upwith the static air temperatureto -18°C.Several injection
conditions have been selected by CIRA, with very low LWC, aboit. B81g/n? shown inTable10.
Moreover, two different altitudes have beesimulated, 1524 and 6000 m respectively.
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SPRAY BAR CONFIGURATION

_— Pw/Pa MVD exp LWC exp GRID-
APwa Pa - Pw (raw @60 (raw @60 Nozzle

odd even ms-1) ms-1) Type

TestID Pwat

[bar] [bar] [bar] [um] [@ m-3]

Altitude = 1524 m

1 0,50 0,30 0,20 0,60 170,00 0,10 |1A2_3SLD#2
2 0,50 0.30 0,20 0,60 170,00 0,10 |1A2_SLO#%2
4 0,50 0,30 0,20 0,60 170,00 0,10 |[1A3_SLD#B
6 0,20 0,10 0,10 0,50 180,00 0,58 |1A3_SLOC#6
5 0,60 0,30 0,30 0,50 120,00 0,50 |1A2_SLD#2
3 0,20 0,10 0,10 0,50 180,00 0,58 |1A2_SLD#2
7 0,70 0,80 0,40 0,40 0,30 0,57 145,00 0,27 |1A2_SLD#S
8 0,60 0,30 0,30 0,50 120,00 0,50 |1A2_SLD#2
g 0,50 1,40 0,40 0,60 0,10 0,80 400,00 0,58 |1A2_SLD#S
9(h) 0,50 1,40 0,30 0,70 0,20 0,60 400,00 0,58 |1A2_SLD#S
10 0,60 0,30 0,30 0,50 1A2_SLD#3
12(1) 0,20 0,90 0,30 0,30 -0.10 1,50 450,00 0,50 |1A2_SLD#5

Altitude = 6000 m

1" 0,50 0.60 0,30 0,30 0,20 0,60 130,00 0,14 1A2_SLD#S
12 0,20 0,90 0,30 0,30 0,10 1,50 450,00 0,50 1A2_SLD#S
12 0,60 0,50 0,30 0,30 0,30 0,50 110,00 0,23 [1A2_SLD#5
14 0.40 0.70 0,20 0,40 0,20 0,50 130,00 0,26 1A2_SLD#S
15 0,50 0,60 0,40 0,20 0,10 0,80 400,00 0,58 1A2_SLD#E
16 0,20 0,90 0,30 0,30 0,10 1,50 450,00 0,50 1A2_SLD#E
17 0,70 0,40 0,40 0,20 0,30 0,57 145,00 0,27 [1A2_SLO#5
18 0,50 0,60 0,40 0,20 0,10 0,80 400,00 0,58 1A2_SLD#E
19 0,20 0,10 0,10 0,50 1A2_SLD#3
20 0,70 0,40 0,30 0,57 1A2_SLD#3

Tablel0: CIRAWTcloudconditionsat 45 m/sand Static Air Temperature-£8°C, Total Air Temperaturel¥°C

A very low liquid water content (LWC) combined with large droplet size reduced dramatically the
probability to have a droplet inside the optical control volume during the camera exposure time.
Accordingly, it was not possible to directly record a classical global rainbow signal. Therefore,the real
time image processing software to measure the temperature of the drops cannot be directly used.

Consequently, additional steps must be added in the sneament strategy by:

a) Recording a maximum of images with a short exposure time of abot.8.8econd (this
exposure time was selected to maximize the probability of a large droplet being present inside
the control volume and simultaneoustyinimize the parasitic light)

b) Selecting the recorded image where the scattered light can be assumed mainly due to a large
droplet.

c) Reconstructing a global rainbow by summing these selected images

d) Processing the numerically reconstructed global rainbowlassically with our processing
code based on Nussenzveig [9] [10] theory to describe the scattered light, combined with
NNLS and minimisation to extract the mean refractive index.

Due to the above issuesphonly the recorded rainbow signals from sphelidaoplet have been
recorded but also the recorded images from deformed droplets, from noise, from the droplet outside
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of the control volume and etcFurther data raw treatment was necessary to select the images from
which information could be extractedith sufficient confidenceThe data processing and analysis
procedure have been reported in the project deliverable D4.3 [11].

Figure63 shows the droplet size andrgperature measurements using GRIini for different cloud
conditions in CIRAVT (Table10). The measurements were carried out with an airspeed equal to
45m/s and a static air temperature equal4B8°C. The results highlight that, for some conditions, the
droplet temperature is gjhtly higher than the air temperature. However, for a homogenous
comparison between the conditions, it is necessary to have the same large number of validated
individual images for each case, which was difficult to achieve in-I@IRAlue to the low LWCs
observed.
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Figure63: SLD characterization by GRVerage droplet temperaturéeft) andaverage droplet diameter
(right).
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6 Conclusion

The performed measurements, investigations and calibrations have shown that the RTA IWT can
produce Appendix O conditions (FZDZ MVD < 40 ym, FZDZ MVD > 40 um and FZRA MWD > 40
close to the requirements. The main limitations are the relatively high wedatents which are
required to match the bimodal PSDs in FZDZ and FZRA. This also limits the variability of the producible
conditions as the LWC is mainly influenced by the test section airspeed. Ice accretion tests and droplet
temperature measurements dve shown that the large droplets are sufficiently supercooled at
temperatures of colder thar5°C. Further testing is required to investigate if that is still the case at
warmer temperatures.

A few test campaigns with FZDZ and FZRA conditions haveyalread performed and further
validation and testing is planned in upcoming research projects. Especially the FZRA setup is still in a
prototype stage and needs further improvement to be more practical in a testing environment.

The CIRAWT measurements we limited to the FZDZ conditions for some of the possible spray bar
system configurations. The results show that low LWC can be achievable in a wide range of the
requested envelopes. Nevertheless, more PSD measurements must be collected to bettertassess t
particle spectrum variability at the requested MVD for both FZDZ envelopes (FZDZ MVD < 40 um, FZDZ
MVD > 40 ym and FZRA MVD > 40 prack of information on cloud uniformity was another gap
influenced by the 2D traverse mechanism issue during thepkastof the CIRAWT calibration slot.

To resolve these gapaijthin the funded CIRAroRAprogram(ltalian Aerospace Research Program)

the CIRAWT calibration activity will be completed in 2024 also to extend the measurements to
different airspeeds and pressure altitudes.
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