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A new lIsokinetic Total Water Content Evaporator (IKP2) was downsized from a
prototype instrument, specifically to make airborne measurements of hydrometeor total
water content (TWC) in deep tropical convective clouds to assess the new ice crystal
Appendix D icing envelope. The probe underwent numerous laboratory and wind tunnel
investigations to ensure reliable operation under the difficult high altitude/speed/TWC
conditions under which other TWC instruments have been known to either fail, or have
unknown performance characteristics. The article tracks the testing and modifications of the
IKP2 probe to ensure its readiness for three flight campaigns in 2014 and 2015.
Comparisons are made between the IKP2 and the NASA Icing Research Tunnel reference
values in liquid conditions, and to an exploratory technique estimating ice water content
from a bulk ice capture cylinder method in glaciated conditions. These comparisons suggest
that the initial target of 20% accuracy in TWC has been achieved and likely exceeded for
tested TWC values in excess of about 0.5 gm™. Uncertainties in the ice water content
reference method have been identified. Complications are introduced in the necessary
subtraction of an independently measured background water vapour concentration, errors
of which are small at the colder flight temperatures, but increase rapidly with increasing
temperature, and ultimately limit the practical use of the instrument in a tropical convective
atmosphere to conditions colder than about 0 C. A companion article in this conference
traces the accuracy of the components of the IKP2 to derive estimated system accuracy.
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Nomenclature

IKPI = isokinetic probe, prototype

IKP2-1 = isokinetic probe, second generation, serial no. 1
IKP2-2 = isokinetic probe, second generation, serial no. 2
T™wC = total water content

Lwc = liquid water content

BWV = background water vapour

MMD = median mass diameter

MVD = median volume diameter

icc = ice capture cylinder

I. Introduction

N 2004, the Engine Harmonization Working Group (EHWG), a multi-agency group comprised of aircraft and

engine manufacturers, regulating authorities, and government agencies involved in aircraft icing research, was
tasked to examine the effects of supercooled large droplet and mixed-phase/glaciated icing on aircraft engines. In
the process of this work, the group concluded that over 100 engine powerloss events were most likely due to flight
in mixed-phase/glaciated conditions in or near deep convective clouds, and that most of these events occurred
outside Appendix C conditions. Early investigations of the meteorological conditions conducive to engine events
suggested that the aircraft were flying through areas of high ice water content (IWC) cloud, and that supercooled
liquid water content (LWC) was not required >. Little was known about the microphysical properties of these
clouds, or the mechanism for ice accretion in warm engines in a glaciated cloud (ice particles with no LWC). The
EHWG proposed a technical plan to perform research to increase understanding of the phenomenon, including
improvement of instrumentation to measure the high IWC environment, flight measurements to characterize the type
of clouds that caused engine events, improvement of ground simulation facilities, and physical studies of ice
accretion and improvement of ice accretion models. The EHWG also proposed a new ice crystal envelope * based
on information from engine events, theoretical limits for TWC in rising updrafts, and extensive measurements of
deep convection made in the 1950s by the Royal Aircraft Establishment *. The Federal Aviation Administration
(FAA) and the European Aviation Safety Agency (EASA) both incorporated the new ice crystal envelope (FAA Part
33 Appendix D, EASA CS-25 Appendix P) in rules that became effective on 5 Jan. 2015 and 12 Mar. 2015
respectively > . The FAA concurred with the EHWG Technical Plan that further measurements were required to
assess the TWC levels and ice particle sizes contained in Appendix D, and would consider changes to the law once
airborne measurements were complete if appropriate. Since the discovery of ice crystal icing induced engine events,
it is now known that this type of icing is also responsible for failures of aircraft air data probes .

In 2006, the High Ice Water Content (HIWC) Project was initiated in North America and Australia to prepare
instrumentation and modify an aircraft for a proposed flight program in deep convective clouds out of Darwin,
Australia. A science plan ® was developed in concert with the EHWG, and its successor the Engine Icing Working
Group (EIWG), to support the assessment of the new Appendix D, and to perform fundamental research into the
properties of deep convection. In 2012, due to difficulties in completing the aircraft installation, the HIWC project
broadened an existing collaboration with the High Altitude Ice Crystals (HAIC) project ° which had developed
similar objectives, naming the collaborative effort the HAIC-HIWC Project. The HAIC-HIWC project has
completed two flight programs to date: one in Darwin, Australia in Jan.-Mar. 2014, and a second out of Cayenne,
French Guiana in May 2015. The HIWC project has completed a third project out of Florida in Aug. 2015. The
HAIC-HIWC projects have been performed using the Service des Avions Frangais Instrumentés pour la Recherche
en Environnement (SAFIRE) Falcon-20 research aircraft as the primary high-altitude aircraft. The National
Research Council of Canada Convair-580 aircraft was also used in the Cayenne-2015 project, concentrating on
measurements at the -10 C level. The NASA DC-8 aircraft was used for the Florida HIWC RADAR flight
campaign. All 3 aircraft were highly instrumented for cloud microphysics measurements, and included identical
Isokinetic TWC Evaporator probes, as will be described below.

This article describes aspects of the development and performance testing of the new Isokinetic TWC Evaporator
instrument to measure the hydrometeor total water content (TWC) in a high speed/altitude/TWC environment,
stressing its second generation version developed specifically for the constraints of the Falcon-20 aircraft. A
companion article examines the equations used in calculation of TWC, and provides analytical and numerical
derivations of system accuracy, estimated at about 2-3% for TWC greater than 0.5 gm™ and temperatures colder
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than -29C '°. Errors increase with temperature due to increases in background water vapour, as will be shown
below.

Il. The Prototype Airborne Isokinetic TWC Evaporator (I1KP1)

Airborne instrumentation for the in-situ measurements of clouds has undergone a long period of development
and improvement since their earliest versions of hot-wire probes, bulk hydrometeor collectors, particle impactors
etc. in the 1940s and 1950s. In the 1970s, the introduction of digital spectrometers marked a revolution in cloud
measurements. One of the most significant advances was the recording of images of cloud particles for computer
analysis, thereby providing a significant improvement in the measurement of mixed-phase clouds. While these
technologies have been continuously improved since, there still remain significant shortcomings in cloud
measurements, particularly in the separation of liquid and ice components in mixed-phase, and in the accurate
measurement of ice particles smaller than about 100 pm. Estimations of the mass spectrum of ice particles rely on
mass-diameter relationships (or equivalent) derived from limited ground collections of ice crystals, which vary
according to particle type, and have an unknown transferability to particles high in the atmosphere such as those
collected during the recent flight programs. For this reason, estimates of ice mass from the integration of particle
size distributions from imaging spectrometers remains problematic and with poorly understood errors. One study,
for example, showed about a factor of 2 difference inferred mass-diameter relationships of general cloud versus
tropical convective clouds ''. Hot-wires have also been used to estimate cloud TWC and LWC, and special sensors
with capture volumes have been shown to have a higher collection efficiency for IWC than cylindrical sensors 2.
Using a combination of capture volume TWC sensors and cylindrical sensors more sensitive to LWC than IWC, and
knowing the efficiencies of each sensor for ice and water, it has been shown that one should be able to derive the
separate LWC and TWC components. However, high speed video has shown that a significant fraction of ice
particles are ejected from TWC sensors '*'°, and the efficiency of ice capture by TWC sensors can be lower than
50% "7, Furthermore, the characteristics of this ice capture efficiency versus airspeed, pressure, particle type, etc.
have not been characterized. Another class of cloud TWC instrument is the commonly called evaporator. As
opposed to the hot-wire, which is clearly also an evaporator, this class of instrument ingests cloud particles into an
inlet, melts and evaporates the particles, and then measures the total humidity of the background + evaporated liquid
water drops and ice particles. Several of these instruments have been developed in the research community since the
1960s, although none have been widely used. Some instruments have been developed primarily for the
measurement of high-altitude low-IWC clouds, e.g. Refs. 18-20, and are unsuitable for very high IWC
measurements for a variety of reasons. The counter flow virtual impactor *°, and its commercial variant the Droplet
Measurement Technologies Cloud Spectrometer and Impactor (CSI), both ingest cloud particles into a dry counter-
flow, and have provided promising measurements at high altitude and high speed in the low to intermediate IWC
range, but have been observed to saturate at IWC values lower than expected for the current flight campaigns.

The primary objective of the Appendix D assessment flight campaigns is to make in-situ TWC measurements of
tropical deep convective clouds up to 10 gm™, at temperatures between -10 C and -50 C and true airspeeds up to
about 200 ms™', with an accuracy of better than 20%. The EHWG examined the available TWC instruments, and
concluded that although they were often adequate for the research environments in which they were being used,
their accuracy in the high IWC environment could not be adequately quantified, and/or their operation in the harsh
environment could not be assured. Accuracy could not be guaranteed to better than a factor of 2. Consequently, it
was decided to develop a new instrument specifically for the high IWC environment. The initial design decisions
resulted from discussions between Environment and Climate Change Canada (ECCC, formerly Environment
Canada) and the National Research Council (NRC) of Canada. Given what appeared to be complex issues remaining
to resolve in hot-wire and spectrometer based TWC estimation, and after a brief examination of some new
instrument concepts for TWC estimation, it was decided to develop a humidity-based evaporator system optimized
for high IWC measurements. It was concluded that such a system would represent the closest measurement to a
“first principles’ bulk measurement whose uncertainties could be determined and quantified. The use of an
isokinetic inlet system would minimize the uncertainties of collection and retention efficiency over a wide range of
ice particle sizes, which is the primary uncertainty in hot-wire TWC estimates. The primary measurement of the
system, the increase in the humidity due to evaporated hydrometeors, would be a simple bulk measurement directly
proportional to the TWC, if the mass flow through the instrument were accurately measured.

The basic design of the system was established by ECCC and NRC, after which the detailed design, engineering
and fabrication of the device was accomplished by NRC with assistance from Science Engineering Associates
(SEA). Details of the design and initial testing of the prototype have been described elsewhere *'*. Briefly, air and
hydrometeors enter a 10 mm inlet, and then travel through an unobstructed spiral evaporator section. Informal
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information from previous evaporator designs indicated that saturation might be a primary issue under high IWC
conditions, so the flow path was designed to be open, avoiding the use of screens or other potential blockages or
accumulation points. Calculations predicted that insignificant mass would exit the probe unevaporated: particles
larger than ~25 microns would melt and evaporate on the walls of evaporator spiral flow path, and those smaller
would have sufficient residence time to evaporate even without striking a wall *°. In order to achieve near-isokinetic
flow through the inlet, the flow through the probe was measured using an orifice plate, and controlled with a
butterfly valve to match the geometric flow through the inlet (the desired flow). The humidity of the air after the
evaporator section was measured with a tunable diode laser (TDL) humidity measurement system. Hydrometeor
TWC was deduced by subtracting an independent measurement of background humidity from the IKP1 TDL total
(hydrometeor + background) humidity. The IKP1 was developed and underwent initial wind tunnel testing, with the
intention of using this probe for the primary TWC measurements in the upcoming flight program. As described in
the next section, the requirement to move to a smaller aircraft ultimately determined that the development and
testing would shift to a smaller probe, the subject of this article.

I11. Development of the IKP2 Instrument

Initial intentions were to use the IKP1 prototype instrument for the earlier mentioned flight campaigns on a mid-
size Gulfstream G-II jet that was being instrumented for the NASA Glenn Research Center. In the fall of 2012,
circumstances required the cancellation of the development of this aircraft, and new plans were made to focus the
primary TWC measurements on the SAFIRE Falcon-20 aircraft, which had been a second aircraft but now became
the sole aircraft for the Darwin campaign. The IKP1 was quickly found to exceed the power, weight, and size
constraints of the Falcon-20, and the aircraft would require a significant wing re-wiring effort to accommodate the
IKP1. The solution was to downsize the probe through re-design, and manufacture a new “IKP2” probe to operate
with existing wing wiring, while maintaining the basic original design. The overall project was led by SEA, and
funded by the FAA and NASA. The NRC provided the downsized evaporator and flow path. SEA was responsible
for all other tasks, including changing the hygrometer, repackaging the probe, providing various control systems,
power and data systems, probe integration and delivery, and providing lead support on the installation of the probe
on the aircraft. Table 1 shows the major changes in downsizing the IKP1 to the IKP2 probe. Guidelines for target
values are also provided when applicable.

IKP1 Falcon-20 IKP2
Target
Weight (kg) 57 30 29
Est. Drag @ 691 400 458"
200 m/s IAS (N)
Est. Max. Power (Kw) 4.5 2.5 2.5
Wing Interface Same as NATO NATO
IKP2 mount Mount
compatible
Wing Wiring 72 48 24
(# of wires)
“acceptable to SAFIRE

Table 1. Properties of the prototype IKP1 and the second
generation IKP2, illustrating the modification effort to downsize for
use on the SAFIRE Falcon-20 aircraft.

The initial challenge was the approximate 45% power reduction required to meet the power limits of the Falcon-
20 while maintaining a critical cloud instrument configuration. This was accomplished by reducing the inlet
diameter from 10 mm to about 7 mm, thereby reducing the isokinetic airflow and hydrometeor catch through the
circular inlet by about a factor of 2. Weight and drag reductions were met by physically reducing the size of the
probe, and incorporating an extended rear cone. The original probe was housed in a cylindrical canister similar to
that used for the DMT CSI. Its diameter and length were about 22.5 and 185 cm respectively, and there was an
extended strut between the cylinder and the aircraft attachment point for additional necessary components. The
downsized probe is housed in a similar but smaller layout (diameter=17.8 cm, length = 156 ¢cm), more similar to an
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extended Particle Measuring Systems canister with an
interfacing strut. Drag was reduced by about 34% by this
o R 2 g downsizing and by integrating the extended rear cone. The
original design incorporated a large number of wire pairs for
probe diagnostics and control. The wiring was greatly
reduced by incorporating a new on-board microprocessor to
manage these data internally, and transferring equivalent data
to the cabin-mounted data acquisition system via serial
transfers. Figure 1 shows a drawing of the IKP2, and a
picture of the probe mounted under the wing of on the
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\ E ” ‘ SAFIRE Falcon-20 research aircraft. The probe is mounted
e R with the leading edge of the inlet well forward of the leading
H ,_ ] ) edge of the wing and clear of the aircraft fuselage. Another

three underwing mounting locations (e.g. see two in
background of picture) are used for particle spectrometers
and a SEA hot-wire Robust probe.

The IKP2 also incorporated a different humidity
measurement system. The TDL used in the IKP1 was a one-
of-a-kind system for which support was no longer available,
and several reliability and accuracy issues had already been
flagged for follow-up. The development team concluded that
due to the relatively remote locations expected for future
flight campaigns and the requirement for spares, it would be
necessary to adopt only a mature, commercially available

- and fully supported hygrometer for the IKP2. The team

Figure 1: Top: drawing of the IKP2. concluded that the LICOR-840A was the only commercially
Dimensions are in inches, and bottom: available solution that would not require a repackaging to fit
picture of the IKP2 mounted on the CNRS within the space constraints of the new probe.
Falcon-20 research aircraft. Time was of the essence in the development of the IKP2.
The schedule was driven by the need to have a fully
operational probe for a flight program with a fixed time
window in Darwin, Australia in Jan. 2014. The need for the IKP2 was first identified in Dec. 2012. The agreements
on the design and the go-ahead from the funding agencies were secured by Feb. 2013, when the effort was officially
launched. The development, fabrication, and initial bench testing was completed by Jun. 2013. Initial wind tunnel
testing was completed in Jun. and Jul. of 2013, and the probe was sent to France for pre-installation inspection in
Sep. 2013. Bench testing of a new evaporator was completed by NRC by Sep. of 2013 to remedy a saturation
problem observed in the Jun. and Jul. wind tunnel testing. The probe was sent back to the USA, and integrated with
the new evaporator in Oct. 2013. Two further wind tunnel tests were performed in Oct. and Nov. 2013 to ensure
overall proper operation, and to get initial estimates of probe accuracy, and then the probe was shipped back to
France in Dec. 2013 for flight testing prior to the Jan. 2014 Darwin flight campaign. The probe was then operated
successfully for a 72 hour flight program in Darwin from 16 Jan. — 18 Feb. 2014. The probe was designed and
fabricated, underwent 4 separate wind tunnel testing entries and an evaporator redesign, was flight tested and
declared ready for flight within 12 months of the launch of the effort.

IV. Performance Testing of the IKP2 Instrument

The IKP2 has undergone extensive bench, wind tunnel, and flight testing from the completion of its initial
fabrication to the present. A second nearly identical copy has been manufactured to support parallel NASA
objectives. In the following sections, the results from a series of wind tunnel tests focused on characterizing the
performance of the probe will be examined. Results on the probe performance will be summarized in this section,
and comparisons to other measurements of LWC and IWC will be summarized in section V.

Table 2 contains a summary of these wind tunnel tests and their primary objectives. Note that there were a total

of 7 wind tunnel test entries at 4 different tunnels with different specializations. The IKP2 was tested under both
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LWC conditions and high IWC conditions, including tests at altitude. Some tests represent repeats of earlier tests
after probe modifications.

Wind Tunnel Dates IKP2-1 IKP2-2 | Comments Primary Objectives and nominal conditions
1. Cox and Co. | 9-Jul-13 to X o First performance testing ¢ General operation, structural integrity, isokinetic flow,
Icing Wind | 12-Jul-13, of IKP2 probe de-icing, saturation
Tunnel ** o Testing of ice capture cylinder technology
29-Jul-13 to e 80 m/s, ambient pressure for airspeed
2-Aug-13 e LWC: 0.5-2.5 gm>, MVD 15-50 um
e IWC: 0.5-5 gm™, MMD ~ 200 pm; IWC to ~10 gm™ in
recirculating frozen LWC sprays
2.NASA Icing | 17-Jul-13  to X o First high-speed testing of | e General operation, structural integrity, isokinetic flow,
Research 18-Jul-13 IKP2 probe de-icing, saturation
Tunnel ¥ o First LWC comparisons
e 77- 154 ms™, ambient pressure for airspeed
e LWC: 0.5-3.2 gm”, MVD 20-199 pm
e IWC: to ~10 gm” in recirculating frozen LWC sprays,
MMD unknown but likely low
3.NRC 12-Nov-13 to X o First tests at altitude o General operation, saturation at very high IWC,
Research 13-Nov-13 o After evaporator redesign performance at altitude
Altitude to mitigate saturation o Test the recent modifications insulating the LICOR inlet
Test Facility e New more precise inlet tip sample lines and adding an active heater to the LICOR
g&z;\TFaC) e Testing at very high IWC o IWC comparisons and particle loss before evaporation
’ o All tests with glaciated conditions, MMD=~55 pm
e 192 ms” TAS, 208 mb, -42 C SAT, 4-12 gm™ IWC
e 173 ms"' TAS, 301 mb, -30 C SAT, 4-10 gm™ IWC
e 147 ms” TAS, 437 mb, -20 C SAT, 4-10 gm™ IWC
e 96 ms' TAS, 776 mb, -30 C SAT, 4-10 gm™ IWC
4. NASA Icing | 12-Nov-13 to X e Re-check of probe in o General operation, structural integrity, isokinetic flow,
Research 13-Nov-13 LWC and glaciated de-icing, saturation
Tunnel conditions before flight e new LWC comparisons with improved inlet tip
campaign
5. Cox and Co. | 30-Nov-14 to X X o First performance testing o General operation, structural integrity, isokinetic flow
Icing Wind | 5-Dec-14 of IKP2-2 probe with flow enhancer, de-icing, saturation (IKP2-2)
Tunnel e New flow enhancer o Further testing of ice capture cylinder technology
6. NASA Icing | 15-Dec-14 to X X o Carefully organized with e Primary LWC comparisons to tunnel reference values
Research 17-Dec-14 NASA IRT staff to e Background humidity inlet testing
Tunnel optimize LWC calibration
accuracy
7.NRC M7 | 1l-Jan-16 to X e Primary IWC comparisons to bulk ice capture cylinder
Test Cell 5 | 22-Jan-16 estimates
(M71C5) * e Background humidity inlet testing

Table 2: Summary of wind tunnel testing performed on the IKP2-1 and IKP2-2 probes. 1KP2-2 is a nearly
identical copy of IKP2-1. Both are downsized versions of the original IKP1 prototype. The test entries are

numbered in the first column for more efficient reference in the text.

A. Evaporator Saturation Testing and Modifications

One of the primary probe performance concerns was whether the probe could keep up with the flux of
hydrometeors and avoid accumulation of moisture in the flow path, which in severe cases can result in a saturation
of the signal, and a long hysteresis after exit from cloud conditions. Such behavior is usually associated with ice
particles, and has been previously observed with the DMT CSI probe, an evaporator probe with some similarities to
the IKP2. CSI saturation had been personally observed by the authors during flights by Environment Canada and
NRC in lake effect storms containing high IWC. Severe saturation can greatly deteriorate measurements for periods
of tens of minutes and require exiting cloud to clear the flow path of accumulated water before measurements can

resume.
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Figure 2: Saturation tests of IKP-2 before evaporator rebuild,
at the NASA IRT (test 2, Table 2): 77 ms™ (top), 114 ms*
(middle), and 153 ms® (bottom). The capacity of the
evaporator to move hydrometeors through the flow path is
most similar to high altitude flight conditions for the middle
panel (see text). Recirculation of ice in the tunnel leads to
increasing concentrations with time.

The earliest such testing of the IKP2 (test
1, Table 2) quickly identified a saturation
issue at measured IWC values of about 10
gm”, at or below the tunnel maximum
airspeed of 90 ms™'. The saturation was not
difficult to reproduce, and was suspected
to have resulted from insufficient flow
velocity through the evaporator. Earlier
work showed that the Stokes parameter
best describes the probe’s capacity to
move any accumulated liquid through the
evaporator to prevent pooling that would
lead to saturation. In order to simulate the
Stokes parameter of the evaporator’s flow
at flight conditions of 200 mb (20 KPa)
and -40 C, an appropriate test in the
ground based wind tunnels was at about
114 ms" and -30 C SAT. At the NASA
IRT (test 2, Table 2), it was possible to test
to higher speeds, and although the tunnel
did not have an ice shaver to produce
simulated ice clouds, it was possible to
produce very high IWC frozen sprays at
cold temperature by reducing the water
temperatures to the nozzles. Figure 2
shows an example of saturation runs at 77,
114, and 153 ms™, all for the same nozzle
spray settings, and thus approximately the
same initial flux of LWC in the tunnel.
The IWC values reached during each of
the 3 runs vary somewhat, and far exceed
the values expected from the LWC
injection alone, due to the continual
recirculation and accumulation of ice
particles in the tunnel. The run at 153 ms™
displays a normal response with no
significant saturation. The IKP2 signal

(black line) is lively. The values rise with time, probably due to ice recirculation around the closed loop tunnel. The
SEA multi-element TWC hot-wire probe (red line), uncorrected for ice capture efficiency, and with some damping
in the probe’s response, mimics the response of the IKP2, albeit at lower values due to its lower ice collection and
retention efficiency. After the spray is turned off, the concentrations of both probes do not immediately drop to zero,
but instead drop gradually as ice continues to recirculate in the tunnel. During this time the SEA probe measures an
approximate constant fraction of the IKP2 TWC, a good indication that the IKP2 has had no hydrometeor buildup in
the flow system. The run at 77 ms™ (top panel) exhibits a strong IKP2 saturation response. The probe signal is
much less lively. After the spray is turned off, the signal does not immediately drop at the same rate as the SEA
probe in the recirculation tail, but takes more than 13 minutes to reach pre-spray values. This is a classic saturation
response, and there are cases from the Cox and Co. testing (test 1, Table 2) where even stronger symptoms were
observed. The middle panel of Fig. 2 shows the response at the airspeed that best represents the Stokes parameter
appropriate for the flow through the evaporator at target flight conditions. Note that the response is somewhere in
between that of the saturating (top panel) and non-saturating (bottom panel) cases, and there is indication of an
extended recovery of the IKP2 relative to the SEA probe after the spray has been turned off. In particular, by 13:06
the SEA probe has nearly reached its pre-spray values, while the IKP2 is still measuring of the order of 3 gm™.
These cases do not provide a quantitative description of the effect of airspeed on saturation because the flux of
particles achieved in each case was different and difficult to predict in real-time. For example, based on the raw
IWC values measured by the SEA probe, the flux of particles (IWC x airspeed) achieved in the 153 ms™ run was
more than 2 times that of the 77 ms™ run. However, it does point out that the higher airspeed run was not saturating
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even under twice the particle flux. The fact
that saturation occurred at all at the 114 24
ms"' airspeed, with evaporator flow

[NRC RATFaC testing

£29-Oct-2013
characteristics closest to the expected flight ig ng b ]
conditions, was a cause for concern to the o~ 16 [-NROMC=12gm” ]
IKP2 development team. In August 2013, g) 14l ]
the NRC expended great efforts to o 2r ]
diagnose the source of the saturation. The = 0 No Saturation, quick ]

problem was identified, and remedied decay after ice off

through design changes to the evaporator.

It was initially validated with a nylon ﬂ / ]

prototype version allowing visual 12:00 12:02 12:04 12:06 12:08 12:10 12:12 12:14
confirmation that pooling had been

eliminated under relevant flight conditions.
A new evaporator was fabricated, and was
ready for integration into the IKP2 for
further testing in Oct. 2013.

The next set of wind tunnel tests with
the new evaporator were conducted at the
NRC RATFac (test 3, Table 2). Note that
these tests were performed in glaciated
conditions under realistic flight airspeeds,
pressures, and temperatures. Ice cloud was
produced using a grinder which provided
particles with MMDs of approximately 55 pm. The most challenging test for the evaporator is shown in Fig. 3.
Note that the nominal IWC for this run was 12 gm™, but was based on early estimates from a hot-wire and tunnel
mapping, and was considered exploratory. The actual momentary maximum values reached by the IKP2 were in
excess of 20 gm™, with an average values from 12:04 — 12:13 of about 15.5 gm™. The IKP2 signal was very lively,
and when the ice grinder was turned off (vertical green line on plot), the values returned to pre-cloud values
relatively quickly, and on a time frame similar to the SEA multi-element hot-wire probe (red line, only exposed to
the cloud at the beginning and end of the test run). Three additional post-evaporator redesign saturation runs were
performed during the Nov. 2013 IRT wind tunnel measurements (test 4, Table 2). The runs all used the same
nozzle settings as the 3 runs in Fig. 2, but for airspeeds of 77, 103, and 155 ms™! (note 103 ms™! rather than 114
ms™). No saturation was observed during any of these runs. A repeat of the 103 ms™” run was performed in
December 2014 (test 6, Table 2), and again no saturation was observed.

These tests convinced the IKP2 development team that the evaporator redesign had successfully mitigated the
saturation problem described in Fig. 2, and any remaining accumulation of particles in the flow path was now of
minor significance. The tests reveal that the evaporator continued to be effective through Dec. 2014 and presumably
beyond. Continual monitoring for saturation is now also accomplished through the use of the field calibration cart
described in section V.A. Saturation was not observed under normal flight operation of the IKP2 during the HAIC-
HIWC and HIWC RADAR flight programs, although IWC values rarely reached above about 4 gm”.

o N B~ O ©

Time (local)

Figure 3: Highest IWC test, from the NRC RATFac wind
tunnel testing (test 4, Table 2) in October 2013, after
evaporator rebuild. Test conditions were -42 C SAT, 192 ms’
! true airspeed, and 208 mb static pressure. The SEA multi-
element probe is only temporarily within the ice plume at the
beginning and end of the test run. Vertical green line marks
the approximate time of turning off the ice grinder.

B. Other Saturation Testing and Modifications

The IKP2 LICOR-840 humidity measurement system is housed in the strut above the main cylindrical canister
that houses the flow path, and an airline of approximately 15 cm length is used to transport air from the flow path
into the heated LICOR measurement cell. The IKP2 development team recognized that a temperature gradient inside
the probe from the flow path to the strut could be expected at cold flight-altitude temperatures, and that cooling of
this airline below the dewpoint temperature of the flow path air could result in condensation on its inner wall,
resulting in another potential source of probe saturation. Consequently, the airline was insulated, and airline wall
temperature measurements were made as a diagnostic. In early tests (tests 1-2, Table 2) the airline temperature had
not lowered sufficiently and saturation was not observed. However, during pre-testing at the NRC RATFac (test 4,
Table 2), it became apparent that condensation might be expected. Further insulation was added to the air line, and
an active heater was added to the interior volume of the LICOR just prior to the first day of the tests. At the outset,
the probe was deliberately operated without the additional LICOR heater, and condensation was not observed in the
very first series of runs below a nominal IWC of 8 gm™. Test conditions were approximately -43 C SAT, 200 ms™
true airspeed and 200 mb (20 KPa) static pressure. However, on the next run at a nominal IWC of 10 gm'3 (Fig. 4,
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flow-path to the LICOR in the IKP2,

multi-element probe,
described in Figure 3.
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Figure 4: Testing of condensation in the air line from the
resulting in
saturation (upper panel), and results with additional
LICOR heater (lower panel). Data were collected at the
NRC RATFac wind tunnel (test 4, Table 2) under realistic
flight conditions (approximately 200 ms™ true airspeed,
200 mb static pressure, and -43 C SAT). Operation of SEA
and time of spray-off are as

top panel), saturation due to apparent
condensation was observed starting at about
10:38:45. On this run the flow path dewpoint
was within a few degrees of the outside wall
temperature of the air line, and may have
been colder still inside the LICOR enclosure
itself. The active heater was turned on, and
the run was repeated (Fig. 4, lower panel).
The heater raised the airline temperature by
about 10 C, safely above the flow path
dewpoint temperature. In this run, and in all
subsequent runs (all with the active heater
on), there were no further symptoms of
condensation-saturation. It was concluded
that there was sufficient margin with the
added insulation and active heaters to handle
IWCs up to 10 gm™ and beyond under
realistic ~ flight conditions during the
upcoming flight programs, and that the
monitoring of the airline temperature and
flow path dewpoint would provide an
adequate diagnostic for assessing whether
further heater and/or insulation was required.
In the 3 flight campaigns to date, there have
been no occurrences of airline condensation-

C. Particle Flow-Through

saturation.

In order to provide the most accurate estimate of the hydrometeor TWC, the IKP2 must melt and evaporate all
particles within its flow path, and not eject un-evaporated particles out the airflow exhaust. The evaluation of the
efficacy of the probe in this regard is not straightforward, and currently relies on calculations and indirect evidence.
It is believed that the calculations are strong and convincing. These calculations predict that particles larger than ~25

microns will strike the evaporator wall, which has a
temperature similar to that of a hot-wire TWC
sensor, within 7 cm of the first of 10 spiral turns **.
Particles impacting the walls would have enhanced
residence time and heat transfer for melting and
evaporation. Particle smaller than 25 microns are
calculated to have sufficient time in the flow path
without hitting the wall to melt and evaporate,
although it is likely that only the smallest of such
particles could make it through 10 spiral turns
without impaction. The air temperature in the flow
path is controlled so that air in the spiral section is
always warmer than 80 C. The calculations therefore
show that it is unlikely that significant mass of cloud
particles would exit the probe unevaporated.

If there were un-evaporated particles exiting the
probe, one might speculate that the fraction of such
particles would increase with increasing IWC, as the
difference between the flow path vapour pressure
and its saturation value decreased under higher IWC
loadings. The best data we have to test this
hypothesis comes from the NRC RATFac (test 4,
Table 2), which were collected under realistic flight
conditions, and included the highest IWC values of

IKP2 TWC (gm’)

18

16

14 |

12

10

— T T T T T 1T T T T T T
+ NRC RATFac testing g
- 29-30 Oct. 2013 X
¥ 208mb, -42 C SAT, 192 ms™ TAS
® 301 mb,-30 C SAT, 173 ms™ TAS
© 437mb, -20 C SAT, 147 ms™ TAS
- Lines are linear regressions for -
points of the same colour
- Linear Regression Y
Parar
- B 0.03769 0.0023
o A 041144 009371
B 003604  4.75181E-4
® A 001216  0.22697
WLV)DDl
- © 099983 0.06866 4
® 099926 0.18052 4 7.36450E4
PR YR IR NNV NS s S S ST W -
0 50 100 150 200 250 300 350 400 450

NRC Delivery Rate (Ib/hr)

Figure 5: Measured IKP2 IWC as a function of rate of
ice delivered to the tunnel, at the NRC RATFac (test 4,
Table 2). Tests are for 3 atmospheric conditions and
airspeeds similar to those expected in tropical flight
campaigns.
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all the testing summarized in Table 2. For a given airspeed and static pressure, it is intuitively expected that the
distribution of ice in the tunnel would be independent of ice delivery rate, and that a linear relationship between the
measured IWC and delivery rate should be found for locations within the main ice plume. Such results from the
RATFac testing are shown in Fig. 5, for the three primary atmospheric flight levels/airspeeds tested in the tunnel
(see test 4, Table 2 for details). The ice delivery rate is displayed in the Ib/hr units used by the RATFac operators. A
linear best fit line is shown for each atmospheric condition. The variations between these lines in relatively small,
and may be due to small shifts in the spatial pattern of ice distribution under the different atmospheric conditions.
Note that the measured IKP2 TWC is quite linear with respect to ice delivery rate for each atmospheric condition,
even up to measured IWCs in excess of 15 gm™~. There is no drop-off at higher rates that might be attributed as to an
increasing un-evaporated fraction. Un-evaporated particles are therefore only present if they are at a constant mass
fraction independent of IWC. Further indirect support that unevaporated particles are at most a minor effect is
contained in section V, where IKP2 measurements of LWC and IWC are compared to those from other
measurements considered to have relatively small uncertainties.

D. Isokinetic Flow Performance

The IKP2 was designed to generate a slightly super-isokinetic flow by using an expanded exhaust diameter to
recover the inlet total pressure. Super-isokinetic flow is throttled to isokinetic values in real-time using automatic
probe controls. The desired isokinetic flow conditions are estimated by calculating the geometric mass-flow sweep-
out of the circular cross section of the inlet. The actual mass flow is measured in the flow path after the evaporator
section using a calibrated orifice plate. The measured and desired flows are then compared in real time, and the
flow is modified using the butterfly valve to match the desired flow. The ratio of the measured flow to the desired
flow is called here the ‘isokinetic factor’ (IKF), and is an indicator of the proximity to isokinetic flow, a value of 1
being ideal. In reality, the influence of the body of the probe itself also affects whether the probe is isokinetic for a
given particle size, and matching the desired and measured flow does not result in perfect isokineticity for all
particle sizes. This is only an issue for the smallest particles, and efficiency estimates have been provided '°.
However, as applied for the current flight programs where almost all the data are from ice clouds, less than 10% of
the mass is typically smaller than 100 um *°. Under such conditions, the particle can be considered ballistic, and the
primary advantage of isokinetic sampling is to ensure that the retention efficiency of particles is essentially unity, as

opposed to other designs such as hot-wires where a significant fraction of particles have been shown to be ejected
13-15

When the butterfly valve is deliberately held fully open, the IKF is a measure of the flow margin above the
isokinetic value. Initial estimates in wind tunnels revealed a comfortable margin, but during the first flight program
values sometimes dropped to sub-isokinetic values between 0.90-1.0 for extended periods. The lower values were in

part due to higher localized pressure under the wing
compared to free stream conditions. Although TWC IKP2-2 with and without Flow Enhancer

values could be corrected using the IKF values '°, < e NASAIRT tesltin'g ]
maintaining an isokinetic flow remained the more g t22f \ 15 Dec. 2014 1
desirable option, so the NRC proposed a flow o °\ I
enhancer extension to the exhaust to increase flow. g tr ° ’
Figure 6 shows measurements of the IKF at the g 118l \. ]
NASA IRT in December 2014 (test 6, Table 2) for 9

IKP2-2, with and without the flow enhancing exhaust '-; 116 | ‘\ ° ]
extension. At 100 ms™, for example, the valve- open o — \

IKF value increases from about 1.15 to 1.20, about a "; 114 - T b g
4.3% increase in flow margin. The increase in the © _ \o

margin decreased with true airspeed. Thus the flow ™ LAz p| e hout flow ennancer \.\ T
enhancer provided a modest improvement under the e W . *.
conditions tested at the IRT. Figure 7 shows flight 40 60 80 100 120 140 160 180
measurements of the IKF value with the flow Tunnel Velocity (ms™)

restriction valve deliberately left full open, enabling

the assessment of the flow margin over the isokinetic | pig,re 6: Measurements of the isokinetic flow factor
value in a warm tropical environment. The data are (IKF), the ratio of maximum flow (valve open) to
11-second centered- average values from the initial isokinetic flow. with and without a flow enhancer

climb and final descent profiles of the flight. First, | eayiension at the exhaust of the IKP2. Results are for
one can see that IKF decreases with height. Although IKP2-2.

values similar to the IRT experiments of Fig. 6 are
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observed in the lower atmosphere, at the top of the
I A S S A S profiles (35000-40000 ft., 10670-12195 m), the
HIWC-RADAR Project 1 isokinetic flow margin is only 2-4%. Second, it is
?gfugl.rgcr)ifst Data evident that there are differences between the climb
IKP2-2 with flow enhancer || and descent profiles, perhaps due to aircraft attitude
d or other flight parameters. Throughout the use of
the IKP2 in 3 flight programs, it has been evident
that IKF values have been somewhat sensitive to
- aircraft maneuvers such as climbs, airspeed
increases, and turns, and airplane configuration such
as flap setting. For example, even at high altitude,
. the flow margin elsewhere in the flight of Fig. 7
temporarily increased to +1.20 after initiation of a
decent, or decreased to 0.97 during a turn (not
shown). In general, the controlled IKF value in
o straight and level flight varies between about 0.90
Isokinetic Flow Factor (IKF) - valve open and 1.05, and most departures from unity are either
Figure 7: Measurements of the 1KP2-2 isokinetic flow | momentary, perhaps due to turbulence or large
factor (IKF) during climb and descent on the NASA | changes in TWC (the desired flow is a weak
DC-8 aircraft during the HIWC-RADAR project. The | function of hydrometeor TWC), or responses to
IKP2-2 was mounted under the wing near the wingtip. | flight maneuvers. If and when IKF values depart
During this flight, the IKP2-2 flow restriction valve | from unity, the TWC can usually be corrected with
was held fully open, and the flow enhancer was | asimple IKF scale adjustment '°.
installed.
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E. Tip Redesign

During early wind tunnel tests, comparisons of the IKP2 LWC and IWC were made to other reference values. In
the course of this work, the IKP2 probe tip was carefully examined. Any diameter measurement uncertainties or
shape irregularities could potentially inject significant errors into the LWC and/or IWC calculations. The top
photograph in Fig. 8 shows the original IKP2-1 inlet, as used in tests 1-2, Table 2. The IKP2 development team was
concerned about the roundness of the leading edge of the inlet and some irregularity in its shape, and unsure as to
what fraction of particles striking the leading edge would deflect to the interior of the inlet versus away from the
inlet. This introduced a potential uncertainty in the probe’s sample volume, and may have contributed to the larger
than expected early discrepancies observed when comparing TWCs to other instruments. The probe tip was
reworked (Fig. 8, bottom photograph) to machine a sharp bevel at the leading edge of the inlet that would deflect
particles striking its leading edge away from its entrance. In addition, the entrance was carefully machined to
provide a circular diameter that could be accurately measured. Although there were other additional changes made
to the probe and processing (e.g. a new evaporator), the development team suspects that the tip redesign was at least
partially responsible for the considerable improvement in LWC and IWC comparisons after the redesign. Post-
modification comparisons will be summarized in section V.

F. Probe De-icing

Although the strut and front dome of the IKP2 are not deiced, special efforts have been made in the design and
testing of the deicing of the probe inlet tip. The inlet diameter is relatively small (about 7 mm) and must be kept
free of accreted ice during encounters with supercooled liquid cloud that may reach several gm™ in deep tropical
convection. The IKP2 maintains the average inlet tip temperature at an adjustable constant value. The first
assessment of deicing performance after the tip redesign was performed with IKP2-1 at the NASA IRT in Nov. 2013
(test 4, Table 2). Although no dedicated deicing tests were performed, it was determined by trial and error that a tip
temperature of 40 C was required to keep the inlet deiced under the test conditions, and this temperature has been
used thereafter in most testing and flight operations. The Nov. 2013 IRT testing focused on comparisons of the
IKP2 LWC to the tunnel reference values. In the course of this work the probe was exposed to airspeeds of up to 155
ms™ at LWCs up to 2.3 gm™ and TATs of about -7 C, in a series of constant LWC exposures lasting 4 minutes. Inlet
deicing was effective for these tests. The next relevant deicing tests were performed at the NASA IRT in Dec. 2014
(test 6, Table 2). Again, the tests focused on LWC comparisons to the tunnel reference, which included a series of 3
minute exposures at -10 C TAT at a variety of airspeeds, LWCs, and MVDs, and during which the inlet deicing was
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always effective. The most challenging of these
from a de-icing perspective was a 3-minute exposure
to a measured 3.4 gm'3 at-10.4 C TAT, -18.1 C SAT,
and 125 ms”' TAS. The dry convective heat loss at
the tip was about 520 watts, increasing only by about
80 watts when the LWC was added. During flight
projects, the typical convective heat losses for
IKP2-1 at -10, -30, and -40 C were about 310, 390,
and 410 watts, well below the values experienced in
the wind tunnel. Since there is a maximum of about
900 watts available for tip heat, there is plenty of
margin above convective heating requirements,
especially given the relatively small amount added
by the LWC exposure. However, it is not known
whether simply maintaining a 40 C average tip
temperature will be sufficient to keep the tip clear of
ice at very high water fluxes, given the possibility of
temperature irregularities within the sharply beveled
tip. What is known from our tests is that the tip
remained ice free in the wind tunnel at dry
convective heat loss rates higher than flight, and with
an LWC impact flux corresponding to a LWC of 3.4
gm™ at 125 ms'. Scaling the latter to the flight
velocities at -10, -30, and -40 C, the same flux would
be experienced at LWC conditions of about 2.6, 2.4,
and 2.3 gm™ respectively, and the three minute
exposure time would correspond to 15.8, 17.0, and
18.2 nm distance exposures respectively. Comparing
these values to Part 25, Section C25.1 Appendix C
icing envelopes °', the test exposures are about 3
times higher than the worst Appendix C values for
continuous icing at the standard 17.4 nm distance
scale, and are in fact 80-90% of the worst-case
intermittent maxima at 2.6 nm (2.9 gm> at 15 pm
effective diameter), and which are only provided to a
maximum of 5.2 nm.

The IKP2-2 was also successfully tested for a
single 15-minute exposure at a measured 4.9 gm>,
-12.8 SAT, and 74.9 ms™. Following the same logic
as above, these results scaled to flight airspeeds at -10, -30, and -40 C were 2.3, 2.1, and 2.0 gm’3, respectively, but
correspond to much longer exposure distances of 86, 94, and 100 nm respectively.

In summary, we have tested the IKP2 in LWC values similar to the worst-case 2.6 nm Appendix C intermittent
maxima but at distance scales well past those for continuous maxima. It is highly likely that the IKP2 would remain
ice free to higher LWCs, and there is still power available to go to a significantly higher tip temperature and
presumably higher LWCs.

Figure 8: The top photograph shows the inlet of
IKP2-1 during wind tunnel tests 1-2, Table 2. Note
the somewhat rounded leading edge and irregularity
of the shape of the tip on the lower tight inside
circumference. The lower photograph shows the
reshaped inlet used in tests 3-7, with the sharply
beveled leading edge that more precisely defines the
swept out sample area.

G. Removal of Background Humidity

The IKP2 measures the sum of the hydrometeor TWC plus the background humidity, and calculation of the
hydrometeor TWC requires the subtraction of an independently acquired background water vapour (BWV)
measurement. The accurate measurement of BWV has proven to be a surprisingly challenging problem, and is not a
fully resolved issue for all applications. The dominant factors complicating the measurement can vary from wind
tunnels to flight measurements. Only a cursory examination of the issue is presented in this article, with some
discussion about the effect on the accuracy of airborne and wind tunnel measurements, and suggestions for future
improvements. The topics discussed below include the increasing importance of background humidity as ambient
temperature increases, offsets in the LICOR-840A hygrometers and mitigation, the effect of improper time
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synchronization of the IKP2 and BWYV signals and/or unintended damping of one of the signals, and the effect of the
inlet choice on contamination of BWV by hydrometeor ingestion or by adiabatic temperature rises in its vicinity.
The development of the most accurate inlet system is still a work in progress, and current limitations still require
manual treatment of data with sometimes subjective decisions as how to best deal with suspected BWV uncertainty.

Magnitude of Expected Background Humidity
Fortunately, for a great deal of the flight measurements for which

this probe was developed, the atmospheric temperatures are colder than Background Vapour
-30 C, and the BWYV is low relative to the expected high IWC values. Concentrations
Relative humidity in cloud is expected to be regulated by the T(C) Water Ice
evaporation of water and ice particles. In the broad tops of the tropical Saturation | Saturation
MCS studied in the flight campaigns for which this instrument was (@m?) (@m?)
designed, clouds are generally found to have IWC values continuously -10 237 2.15
exceeding 0.1 gm™ and reaching up to several gm™. It is a reasonable -20 1.08 0.89
first assumption in such clouds that the in-cloud relative humidity is -30 0.45 0.34
between ice and water saturation, although it is also clear that situations -40 0.18 0.12
exist where the relative humidity may be sub saturated with respect to -50 0.04

ice *?, particularly in lower altitude precipitation areas. Table 3 contains
ice and water saturation BWYV values, expressed in gm™, for a Darwin
average sounding (January-March).  This table provides a first
approximation of the magnitude of the BWV levels that are to be
subtracted in the IKP2 TWC calculation. At -10 C, levels are high, of
the same order as the IWC values to be expected in the flight programs,
and therefore errors in BWV subtraction could significantly impact IKP2 TWC accuracy. At -30 C, levels are still
in excess of 0.3 gm™, but as will be argued later, a more accurate estimate of the BWV uncertainty at -30 C is the
difference between the water and ice saturation values, or 0.11 gm™ at this temperature. At -50 C, the levels of
BWYV, and thus the associated TWC errors, are very low. Even very high supersaturations with respect to ice at this
temperature would be small relative to the high IWC reading.

Table 3: Magnitude of background
vapour (BWYV) concentrations in
water and ice saturated clouds,
converted to gm™ for an average
Darwin (Jan.-Mar.) sounding.

Varying offsets in Background Water Vapour Instruments

Our experience with the LICOR-840A instruments used both for the IKP2 BWV + hydrometeor and the separate
BWYV measurements has shown that although the gain of these instruments appears to be quite accurate (e.g. see
section V.A), all of the units we have used have been subject to varying baseline offsets. The offsets vary somewhat
from day to day, and they vary with pressure. During the wind tunnel test 6, Table 2, three different LICOR-840A
units were exposed to dry nitrogen under varying cell pressures, and the baseline readings, adjusted to be near 0 gm™
at ambient pressure, climbed somewhat linearly to about 0.3 gm™ from 1000 to 500 mb (100-50 KPa). Efforts to
measure this pressure effect in flight to date have been unsuccessful. A more practical approach has been to
normalize the offsets periodically in post flight processing, in the manner described below.

Out of cloud, the IKP2 and background LICORs should measure the same value, since they are both measuring
just BVW in this case. Flight experience has shown that differences between these two measurements are almost
always present out of cloud, but the differences tend to change slowly with time if the BWYV inlet air lines are
uncontaminated. Since the IKP2 TWC is proportional to the difference between the IKP2 and background LICOR
measurements, errors due to these out-of-cloud differences can be removed by applying an offset to one or both of
the instruments so that they measure the same values out of cloud. This normalization procedure may be applied
periodically as appropriate, with offsets in between set points being interpolated. Ideally, offsets would be applied
such that both instruments were normalized to an accurate value, such as from an accurate reference humidity
instrument, so that accurate in-cloud humidity could in theory also be measured. However, this is not necessary if
the in-cloud BWV measurement is uncontaminated, and only IKP2 TWC measurements are required. An example
is shown in Fig. 9 from test 7, Table 2, where 5 different background LICORs plus the IKP2 LICOR were tested.
BWYV was measured independently with a Vaisala sensor at the entrance to the open tunnel. The beginning of this
time series contains raw pre-cloud BWV concentrations from all units, including the IKP2, before the first cloud
event of the day starting at about 08:29:40. The tunnel mouth Vaisala reading, converted to local BWV using the
sample section pressure and temperature, was about 1.25 gm™. Note that the pre-cloud measurements of the various
LICORSs varied significantly from about 0.80 to 1.60 gm™, and could not be used as-is as BWV measurement for
subtraction from the IKP2. During the 15-second ‘normalization period’ annotated on Fig. 9, just before the start of
the ice cloud, offsets are computed from the Vaisala reference measurement, and subtracted from all LICORs to
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Figure 9: Example of normalization of IKP2 and background LICOR-840s before the first run of 19 Jan.
2016 at the M7 test cell 5 wind tunnel (test 7, Table 2). An ice cloud was created using shaved ice blocks
during the period denoted ‘In-Cloud’ on the figure. The y axis is truncated at 1.75 gm™ to permit better
examination of background water vapour values.

force their agreement. In this case, the offsets applied in Fig. 9 were kept constant past the end of this time series.
Note that after end of the ice cloud, all of the LICORs return to almost the same pre-cloud value. This provides
confidence that the offsets between the LICORs have not changed, and that any one of the BWV LICORs can be
considered for use in the subtraction from the IKP2 LICOR to derive the IKP TWC. Note also that the responses of
the different LICORs in cloud vary somewhat, reaching a maximum difference of about 0.15 gm™®. Which
measurement is correct or best suited for IKP2 BWV subtraction? The differences are due to the designs of the
inlets, and the positions of the inlets in the tunnel, as will be discussed below. This is an unusual case where other
information and deduction has led to the conclusion the air in the tunnel was supersaturated with respect to ice due
to the 11 C decrease in air static temperature from the tunnel mouth to the sample section, leading to the situation
where the ice cloud was a sink for water vapour. The lowest BWV from the center-mounted reverse flow inlet
(LBCK3) is likely the most accurate.

Normalization of Water Vapour Measurements in Cloud

A variation on the above normalization procedure uses in-cloud regions where ice saturation is expected. This
method, in addition to removing offsets for the IKP2 TWC calculation, should also provides better estimates of the
in-cloud humidity. A similar procedure has been used successfully to normalize LICOR measurements in liquid
cloud areas **. Ice saturated regions are chosen by manual inspection and are usually areas of continuous low-
moderate IWC cloud where there are no significant updrafts. BWYV offsets from ice saturation are calculated for that
period, and subtracted to force them to ice saturation values. This procedure is performed at appropriate intervals
decided by the analyst, usually with sepoints chosen braketing major cloud events and times of altitude changes,
and offsets are interpolated between the chosen set points. The IKP2 water vapour instrument is then normalized to
the adjusted BWV measurement in a stable region outside of cloud. This procedure forces the IKP2 and BWV
measurements to be equal out of cloud at the set points, and thus the out-of-cloud IKP2 TWC to be zero. Relative
drift between the two instruments is then removed by additional out-of-cloud set points if required, and linear
interpolation of offsets in between. Figure 10 shows an example from a flight in high IWC cloud at -29 C. The
normalization of the BWV to ice saturation is performed at 3 set points in this cloud area, two of which are
identified in the time series; all are areas of low-moderate IWC cloud with no evidence of supercooled LWC. The
IKP2 LICOR is then normalized to the adjusted BWV at two set points before entry and after exit of the cloud, and
one during a brief exit of cloud in the center of the figure. Ice and water saturation values are computed from
atmospheric state parameters, and are plotted on the lower panel along with the normalized BWV. In this case, the
magnitude of the set point adjustments applied were less than 0.01 gm™ for the BWV LICOR, and -0.2 to -0.3 gm™
for the IKP2 LICOR. Note that as expected the BWV values are close to ice saturation at the set points, but rise in
cloud to approximately the water saturation values where the maximum values of IWC are observed. Are these rises
real, or are they due to ice ingestion into the BWYV air line or some other effect? They are clearly correlated to the
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Figure 10: Time series from a flight in high IWC, illustrating a water vapour normalization procedure to
remove LICOR offsets, and the resulting estimates of in-cloud humidity. Setpoints for ice-saturation
normalization of the background LICOR are shown in the lower figure, and for the IKP2 LICOR are
shown in the upper figure. The comparison of IKP2 TWC estimates using simple ice saturation versus
the actual measured LICOR in-cloud background readings is shown in the top figure.

amount of IWC, as might be expected if the rise were due to ice ingestion or submimation contamination. Presently,
the answer to this question is not fully resolved. This BWV uncertainty leads to uncertainty in the IKP2 TWC, as
shown by the comparison of the two TWC traces in the upper panel of Fig. 10. The red TWC line in the top panel
uses the LICOR BWYV value (green line, lower panel), and the blue TWC line assumes BWV is at ice saturation
(blue line, lower panel). The differences are relatively small, and are highest when the IWC is the highest.

The overall behavior of the Falcon-20 BWV during the flight program has been examined using the above
method. For temperatures colder than -30 C, the measured BWYV in cloud rarely exceeded the water saturation value,
although rises above ice saturation were often highly correlated to IWC as in Fig. 10. However at -10 C, water
saturation was often exceeded, implying a contamination of the BWV measurement. Using the option of BWV at
the computed ice saturation value (blue line, Fig. 10, lower panel), on the assumption that the BWV measurement in
cloud cannot be trusted, TWC errors at the short distance scales in high IWC clouds are estimated to be typically
less than the difference between the ice and water saturation concentrations, assuming that an appropriate ice-
saturated region of cloud has been chosen to normalize the LICORs. The uncertainties would be approximately
0.22,0.11, and 0.06 gm'3 for -10 C, -30 C, and -40 C respectively, and would tend to overestimate TWC. For longer
distance scales, the errors decrease, as it is increasingly unlikely the cloud is entirely at LWC saturation at that scale.
The other option, of using the actual normalized BWV measurement (green line, Fig. 10, lower panel) has the
potential for lower uncertainty, but only if there is confidence that the BWV is uncontaminated. A final decision on
the best in-cloud BWV removal method is pending, subject to completion of further data analysis of the Cayenne-
2015 flight program data.

Wetting of air lines

During both flight programs and wind tunnel investigations, wetting of the BWV air lines was occasionally
observed, sometimes from ingestion of rain water before takeoff, or in the wind tunnel from inadvertent temporary
leaking of moist ambient air from outside the tunnel during equipment reconfigurations, followed by condensation
on the cold soaked airlines. The results were the same: a very elevated BWV measurement that slowly decreased
with time as the airline dried out, with the real BWV variations superimposed on the elevated contaminated signal.
It was possible in most of such cases to normalize the IKP2 and BWV measurements using the procedure outlined
above, although more frequent re-normalizations were typically required with interpolation of offsets in between.

Inlet location and design

The design of the BWV inlet has been found to have a significant effect on BWV and thus IKP2 TWC
measurements. Work is ongoing, and only general conclusions will be discussed here. There appear to be at least
two in-flight considerations: hydrometeor ingestion and hydrometeor evaporation/sublimation due to adiabatic
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heating induced by flow disruptions near the inlet. If hydrometeors enter the inlet airline, they can travel to the
warmer aircraft cabin areas, melt and deposit on the walls, cause a saturation response, or even travel into the 50 C
LICOR-840A measurement cell and evaporate, spuriously elevating the BWV measurements. During the first flight
program in Darwin, there were two BWV inlets. One was a rear facing inlet normally used for a General Eastern
dewpoint sensor. The inlet was mounted on the top fuselage approximately 3 m ahead of the leading edge of the
Falcon-20 vertical tail, with the air intake approximately 2 cm above the aircraft skin. The second inlet, also from a
commercially available humidity system, was mounted flush to the aircraft top fuselage with an air channel parallel
to the flow, from which air was sampled from a 90 degree side tap. Post-campaign analysis suggested that both
inlets may have had spuriously high BWV measurements in cloud, the latter inlet being significantly worse than the
former. Since no reliable in-cloud humidity was available, for this project, BWV measurements used in the IKP
TWC calculation were assumed to be at ice saturation (there were very few observations of liquid or mixed-phase
clouds), incurring a first-approximation uncertainty equal to the differences in ice and water saturation (e.g. Table
3), as illustrated in Fig. 10. In the second campaign, both BWV measurements were made on the Falcon-20 from a
new reverse flow ‘G-II inlet’ with an ice crystal deflector cone. The inlet was mounted on the bottom fuselage near
the rear of the aircraft, in a region that may experience reduced ice concentrations due to shadowing and other
particle sorting due to flow effects’, and thus less potential for BWV contamination. The in-cloud BWV results
from this project are still being assessed (e.g. Fig. 10), and although they do appear to be significantly better than
those of the first project, there is still evidence of inlet contamination in high IWC conditions.

During the last wind tunnel tests of Table 2, a variety of inlets were tested to assess their effects on BWV
measurements. Different results were obtained from different inlets, as illustrated in Fig. 9, some but not all of
which may be due to gradients in IWC from one inlet location to the next. Preliminary results from these tests
suggest that a deflector ahead of the air inlet may reduce or eliminate ice ingestion. Results also suggest that
significant obstructions ahead of the inlet may create adiabatic air temperature rises that can lead to local
sublimation of ice particles and spurious elevation of the BWV measurement. Using an extension of the air inlet
tube well beyond the end of the deflector, as proposed by Envirnonment and Climate Change Canada, may mitigate
this effect. While a number of configurations with deflectors and inlet tube extensions were tested, the best results
were obtained from the simpler reverse flow inlets with the least upstream obstruction. While falling short of
identifying an air inlet that guaranteed uncontaminated BWV measurements, it was concluded that the overall effect
of ice ingestion or inlet-induced sublimation can be important, and compromises the IKP2 TWC measurements by
elevating the BWV by an uncertain amount. The authors are aware of at least two open path BWV systems that do
not use an inlet, e.g. Ref. 34, and may provide superior in-cloud measurements if installed in proper locations on an
aircraft. These systems tend to be more complex and expensive, are not currently commercially available, and would
need to be verified in high IWC conditions for the present application.
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Figure 11: Example of Falcon-20 out-of-cloud water vapour measurements with the IKP2 and the
background LICOR-840s in a particularly variable atmospheric humidity field during the HAIC-HIWC
Darwin flight program. Figure 1la shows the measurements as received, and Figure 11b shows the
resulting IKP2 TWC, which should be zero if the two measurements tracked perfectly. Figure 11d shows
the same measurements as Figure 11b, but with the background LICOR phase shifted by -1 seconds.
Figure 11c shows the resulting improved IKP TWC using the phase-shifted data (note the scale difference).

16
American Institute of Aeronautics and Astronautics



Synchronization of IKP2 and background humidity, and damping

Out of cloud humidity in the vicinity of deep tropical clouds can be highly variable due to strong cloud
circulations and turbulent mixing. In general, out of cloud measurements made by the IKP2 LICOR and the BWV
LICOR are very similar and coherent. Figure 11 illustrates such a case from a Falcon-20 flight in Darwin at
approximately +10 C, where the two LICORS track nearly exactly. Figure 11b shows the measurements as
recorded, expressed in gm™ for this discussion. The background LICOR has been adjusted up by a small amount to
account for a near-constant offset from the IKP2. The variations in both measurements match closely, but there
appears to be a phase difference of about 1 second between the two measurements, mostly due to the time required
for the air to travel through the air line to the BWV LICOR. Although the two traces look almost the same in Fig.
11b, subtraction of the background LICOR humidity from that of the IKP2 to derive the out-of-cloud TWC, which
should be zero if both measurements track perfectly, reveals large departures from zero of about + 1 gm™ (Fig. 11a).
By phase shifting the BWV LICOR by one second (Fig. 11d), the two signals appear to be now almost identical, and
the calculated TWC (Fig. 11c ) now shows a noise level of about = 0.1 gm™. This example illustrates the sensitivity
of the out-of-cloud IKP TWC measurement to BWV time synchronization. It also illustrates the excellent precision
of the LICOR-840A in this example. This case shows a better than average out-of-cloud comparison for such a
warm temperature. In practice, as background humidity increases with increasing temperature, and imperfections in
the two measurements amplify, the out-of-cloud noise level rises. For the tropical environment we have found a
practical upper limit of about 0 C for IKP2 measurements, above which noise levels rapidly rise above +£0.3 gm™. In
other applications, such as in more stable atmospheres, or in wind tunnel operations, humidity variations are smaller,
and the noise level of the IKP2 TWC may be quite acceptable at temperatures warmer than 0 C.

A damped BWV signal, perhaps as a result of
using a BWV with a slower time response, or because
of inadvertent air reservoirs in the BWV air sampling @ ' -
system, also deteriorates the out-of-cloud noise level L : J| N .
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The above discussion has pointed out the
importance of the BWV measurements in IKP2 TWC
measurements in tropical clouds, where out-of-cloud
humidity gradients are large, possibly affecting IKP2
out-of-cloud noise levels due to an imperfectly

Figure 12: As in Figure 11, but (a) 2-second back-
average of IKP2 LICOR signal has been used as
BWV to illustrate effect of damping of BWV
measurement . Resulting out-of-cloud IKP2 TWC
calculation is shown in (b).

synchronized and/or a damped BWV signal. When
TWC values are very large, possible inlet-induced contamination effects may become important, leading to
uncertainty as to what to use for in-cloud BWV to support IKP2 TWC calculations. Although BWV is negligible at
the coldest flight temperatures, increasing care must be taken at warmer flight temperatures due to the increase in the
magnitude of the BWV signal.

V. Estimation of Accuracy Through Testing and Comparison to Other Instruments

A. Field Calibration Cart

A field calibration cart (FCC) was developed by Science Engineering Associates to make periodic high LWC
checks during flight projects to verify continued proper operation of the evaporator and other components. The FCC
also provides an important estimate of the absolute accuracy of the instrument. A vacuum pump is used to suck air
through the IKP2 flow system at an adjustable rate. The IKP2 measures the mass flow of the air through the flow
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path, and sets the flow valve to provide the desired
true airspeed at the inlet. There is an independent IKP2-2 Measured LWC vs. Calibration Cart Injected LWC
mass flow cross-check. A solenoid triggered
syringe supplies a metered rate of liquid drops in a
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LWC measurement agrees very well with the FCC
estimate over this very wide range of LWC inputs.
The best fit through the origin has a slope of
0.987. The average IKP2-2 minus FCC percent | Figure 13: Results of calibration of 1KP2-2 with SEA
difference for all points (not shown) is -0.70%. IKP2 Field Calibration Cart on 26 Feb. 2016.

Similar agreements have been found in other
calibrations with IKP2-2 and IKP2-1. Slopes of IKP2-1 versus FCC LWC regressions through the origin over seven
calibrations between 24 Feb. 2014 and 17 Dec. 2015, two being in more difficult outdoors settings with the IKP2-1
installed on the aircraft, vary between about 0.974 and 1.037, with a mean value of 1.000. There was no noticeable
trend in these ratios with time, a testament to the stability of the IKP2 and the FCC. For the IKP2-2, the
corresponding slopes for six calibrations between 10 Feb. 2015 and 26 Feb. 2016 vary between 0.959 and 1.015,
with a mean value of 0.9910. The average IKP2 minus FCC percent difference for all IKP2-1 and IKP2-2
comparisons were 0.22 and 0.76%% respectively.

The results of the FCC calibrations are important. Based on the slopes of the regression lines, they collectively
indicate an agreement to the calibration reference for both probes within about + 4%. The FCC checks the probe
accuracy in ambient conditions in an end-to-end fashion. Accuracy factors included in this check are (1) a large
fraction of the software calculations of the IKP2, (2) the mass flow meter estimates, and (3) the LICOR-840a
accuracy. For example, the desired inlet airspeed for a calibration is set by inputting the value into the IKP2 real-
time software, along with the ambient pressure and temperature. The IKP2 then adjusts the valve setting to throttle
the flow back to a mass flow equivalent. If the IKP2 calculates too low a value of the desired mass flow, or sets the
valve to provide too low a mass flow, or measures too low a flow with the orifice plate, the injected water would be
evaporated in less air volume, and the computed IKP2 LWC would be higher than that calculated based on injected
water rate and the intended true airspeed. Similarly, a scale factor error in the LICOR-840A measurement would
result in an equivalent scale factor error in the IKP2 versus calibrator TWC comparison. In fact, the only accuracy
factor that is not checked in this end-to-end LWC calibration is the effective inlet diameter defining the sweep-out of
hydrometeors, since the water is injected in a stream in the center of the inlet.

Calibration Cart Injected LWC (gm™)

B. Comparisons to tunnel reference values in LWC conditions at the NASA Icing Research Tunnel

The NASA Icing Research Tunnel is a well-documented facility for icing research in LWC conditions. The
tunnel has been carefully calibrated for LWC and MVD, and spray conditions can be produced with a high degree of
repeatability. LWC calibrations in the facility were historically performed using an icing blade, but have been
changed in recent years®. The calibration procedure now uses the TWC sensor of the SEA multi-element hot-wire
probe, which is believed to have a more accurate estimate of LWC at high MVD values, and has been shown to
agree well with the icing blade estimates for MVD values less than 50 um. The overall accuracy of the IRT LWC
values is estimated to be about £10%, % which includes variations from measured data and curve fits. The
repeatability of LWC has a standard deviation of approximately 2.6% (Refs. 35-36, and Robert Ide, personal
communication).

18
American Institute of Aeronautics and Astronautics



IKP2-2 LWC Sweep at NASA IRT, 77 ms

s e PR
sk | ne
5 llb]= —  ra— — ',|T_: —t—t—t :'\; + :_
2 iz i [ ; | ; g It ; {ubed
E‘ Lo L PR T T R r\r. PR I S T T F\. PR ST SR T R'Y | PR S ]

19:35 19:40 19:50

Time 16-Dec-2014

19:30 19:45

Figure 14: Example sequence of 3 LWC settings
during testing at the NASA IRT (test 6, Table 2).
Bottom panel (b) shows IKP2-2 total wvapour
measurement, and background water vapour
measurements from three inlets, and top panel (a)
shows IKP2-2 LWC calculated using ceiling-mounted

inlet water vapour.

A series of test points were carefully chosen
with the help of IRT staff to optimize the accuracy
of the comparison. Most were actual points used to
calibrate the tunnel. This minimized any small
discrepancies due to interpolation in the general
IRT calibration. The IKP2 probe was installed in
the middle of the tunnel, where tunnel calibrations
are performed, and a SEA multi-element probe was
installed 39.1 cm off center as a general reference
to help identify any abnormalities in the tunnel
conditions and as an off-center reference to the
tunnel calibration. Special runs were performed
with the IKP2 alone in the tunnel, and then with the
SEA multi-element at its side, to demonstrate that
the IKP2 measurement was minimally affected by
the multi-element probe. A series of LWC set
points at approximately 20 pm MVD and 77 ms™
(calibration values 1.04-3.03 gm™), 102 ms™ (0.87,
1.81 gm™), and 128 ms™ (0.62, 1.93 gm™), and

MVD set points at approximately 0.5-0.6 gm™ spanning 15-196 um MVD were tested. The two copies of the probe,
IKP2-1 and IKP2-2, were tested one day apart. A total of 18 IKP2-1 and 21 IKP2-2 runs are included in the
following comparisons, composed of 14 unique conditions and repeats. Total air temperature values were kept

constant at approximately -10 C.

An example of a sequence of three LWC settings is shown in Fig. 14a. As in almost all tests, the duration of
individual settings was 3 minutes. After the spray was turned off, the systems were observed until stabilization, and
the next LWC setting was requested typically 3-5 minutes after the end of the previous setting. Averages of the
IKP2 TWC were calculated for a 2-minute period chosen by inspection commencing after stabilization of the spray.
BWYV values were measured in three different locations: on the tunnel wall out of the main LWC cloud using a
reverse flow G-II inlet as described earlier, on the side of the IKP2 in the cloud using second G-II inlet, and behind

the vertical strut of the IKP2 using a reverse flow
tube with a deflecting cone, the tube not extending
out of the cone. Corresponding measurements from
these inlets for the sequence of Fig. 14a are shown
in Fig. 14b. As common to all test runs, the various
LICOR-840As were found to have offsets in out-of-
cloud conditions, and a normalization procedure
was used such as that described in Fig. 9 to remove
the offsets. In this case, all of the LICORs were
normalized to water saturation values for a stable
15-second period just prior to each spray, even
though it was likely that conditions were sub
saturated. The logic here was that the
normalization procedure does not require an
absolute reference for IKP2 TWC calculation, just a
common one. This procedure, in addition to
removing bias between the IKP2 and BWV
LICORs, would also bring all the humidity values
closer to accurate absolute values. During the
testing, the side and aft inlets were found to collect
ice on the inside of the inlet deflecting cones, and it
was concluded that LWC may therefore have
entered the inlet airline and contaminated BWV.
No such ice was observed on the ceiling inlet,
probably because it was outside the main cloud.
Furthermore, when examining the response of the
BWYV measurements just after the sprays were
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Figure 15: Comparisons of the LWC measured by the
IKP2-1 and IKP2-2 probes to calibration points at the
NASA Icing Research Tunnel (test 6, Table 2). IKP2-1
(blue points) and IKP2-2 (red points) measurements
were made in separate tests one day apart. Settings
spanned 77-128 ms™ true airspeed, and 15-196 um
MVD.
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turned off (e.g. 19:32:00, Fig. 14b), the ceiling mounted vapour measurement (black line) closely followed the IKP2
vapour measurement (red line), while the side (green) and aft (blue) inlet measurements lagged behind, and were in
excess of the IKP2 measurement by up to 0.2 gm™. The side and aft inlet responses are consistent with a
contaminated BWYV signal, and the ceiling BWYV signal agrees well with the IKP2 before and immediately after the
cloud. Consequently, the ceiling BWV measurements were used in the IKP2 subtraction to obtain IKP2 LWC.
Note also that there was still a small lag in the ceiling BWV that was not removed, perhaps due to the time required
for the air to reach the LICOR through the airlines. This led to an offset in the out-of-cloud IKP2 baseline dropping
to about -0.08 gm~and then rising to about 0.04 gm™ (not shown) before stabilization. The high frequency noise on
the IKP2 baseline was about £0.01 gm™. The relatively low noise level here illustrates that the effects of poor
synchronization and damping of BWV measurements may be less important in wind tunnel versus aircraft
measurements due to the relative homogeneity of the wind tunnel BWYV relative to the potentially highly variable
out-of-cloud humidity fields in the latter, especially near deep tropical convection.

Figure 15 contains the comparison of the IKP2-1 and IKP2-2 LWCs to the tunnel calibration for all 39 test points
noted above. A small correction has been applied to the IRT calibration points to adjust them to the actual airspeeds
measured on each run. The best fits of the data pass close to the origin for both probes. There appears to be a scale
factor difference between each IKP2 and the tunnel calibration values: IKP2-1 and IKP2-2 measure about 10% and
12% higher respectively than the tunnel calibration
values. Given that the estimate for the IRT tunnel
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very small, and the slope of the regression line is
0.998. The standard deviation of the LWC
differences between the two probes is 0.91%. This
high degree of precision is also a testament to the
high degree of repeatability of the tunnel LWC,
since these differences also include any
contribution from imperfect tunnel repeatability.
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Figure 16: Comparisons of the LWC measured by the
IKP2-1 and IKP2-2 probes for 13 common test
conditions one day apart (test 6, Table 2). Settings
spanned 77-128 ms™ true airspeed, and 15-196 um
MVD.

C. Exploratory comparisons to an independent bulk IWC measurement at the NRC M7 test cell 5
wind tunnel

As has been discussed earlier, the IKP1 and IKP2 probes were developed after it was concluded by the EHWG
that there was no probe available with a defensible TWC accuracy estimate of 20% or better in high IWC
conditions. The assessment of the IKP2 IWC measurements is not as straightforward as for LWC. Facilities for
wind tunnel simulation of ice clouds are less developed and more difficult to calibrate. IWC calibrations currently
use exploratory methods that have not been rigorously validated. Control over parameters such as the median mass
diameter (MMD) of the ice particles is limited.

For the assessment of the IKP2 IWC accuracy, the IKP2 development team explored methods at the NRC M7
test cell 5 (M7TC5) open tunnel. This tunnel has no ice particle recirculation and thus it has the potential to estimate
IWC knowing the amount of ice injected into the tunnel and its spatial distribution. work in calibrating the IWC in
this tunnel used such a mass-balance technique '°. The disadvantage of the technique is that determining the spatial
distribution requires laborious IWC tunnel mapping of that cannot practically be done on a routine basis, and it is
unknown whether spatial distribution remains adequately constant over time to apply the method over long periods.
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In 2010, the IKP2 development team became
aware of the ice capture cylinder (ICC) method,
which was first used in ice cloud simulations in
Europe, and a comparison of the two methods was
performed in 2011, before the IKP2 was
completed. In the process of these comparisons,
the first of a number of peculiarities of the ICC
technique was identified. In particular, at the
operational airspeed of about 150 ms™, the length
of the cylinder was found to affect the amount of
ice captured: 10 cm cylinders captured less than 20
cm cylinders with a gradual 90° bend, which in
turn captured less than straight 20 cm cylinders. A
single measurement with a 30 cm ICC revealed no
further increase in capture with length. In 2011,
: e AN : measurements from the 20-cm ICCs were
Figure 17: Ice bulk capture using 20 cm transparent | compared to the mass-balance IWC estimates and
polycarbonate cylinder at 150 ms™, (test 7, Table 2). found to agree within 10%, a surprisingly good
The accumulated from the back of the cylinder result, but concern about the stability of 2009
(right), but the plug was visible at the end of the | mapped spatial distribution led us to conclude that
capture as 2 pieces. Note the thin accumulation of ice in-situ ICC measurement at the location of the
at the left on the forward wall near the cylinder | instrument was the best approach going forward.
- Comparative IKP2 and ICC IWC
measurements were finally made at M7TCS in Jan. 2016 (test 7, Table 2). Exploratory measurements with the ICCs
in earlier testing at about 80 ms™ (test 5, Table 2) had provided visible evidence of occasional loss of mass from the
ICC during extraction, and that data fidelity could be improved by
comparing duplicate measurements from two ICCs side by side.
Although some differences were expected because of spatial
gradients, the ratios of the masses were found to be approximately
constant for a large fraction of measurements, and significantly
different for others that were concluded to suffer this extraction
mass loss, or some other mass loss effect. This technique of double
measurements was used during the Jan. 2016 testing as a quality
control to minimize the effect of such events. In addition,
transparent polycarbonate cylinders were exposed during special
capture experiments to help understand the collection process.
These experiments were very revealing, and helped explain why
collections with 10 cm cylinders provided lower collections at 150
ms™ than 20 cm cylinders. The ice plug formed near the mouth of
the 10 cm cylinder, and thus the leading edge of the plug was
susceptible to loss of captured ice by re-entrainment. For 20 cm
cylinders, the ice was found to initially form at the back of the
cylinder, with the leading edge of the ice plug moving forward with
time. In some cases, the ice plug separated into two pieces. Some
ice was observed to deposit on the walls up to near the mouth of the _ _
cylinder, a.ppeari.ng to move slgwly forward along the. wall. An Figufe 18: Photo shdwing ICC mast
area of swirling ice could sometimes be seen at the lt?adlpg e.dge gf inserted into the tunnel in front of the
the ice plug.. AI:I example image after an ice collection is given in IKP2-1 (test 7, Table 2). In this case, a
Fig. 17, and it will be further dlscgsseq bglow. . 20 cm cylinder is in front of the IKP2
. The IKP2-1 was mounted Wlﬂ:l its inlet in the center qf the inlet, and a 10 cm cylinder is beside.
circular M?TCS tunnel sample section. Other measurements in the | A5l 1KP2-1/ICC comparisons use 20
tunnel during the ICC runs included BWV from 3 different inlets,
and a SEA Robust hot-wire probe mounted about 23 cm above the
center of tunnel. Ice particles with an MMD of approximately 200
pm were generated by an ice shaver, and injected into the tunnel at
4 points near the mouth of the open tunnel, as described elsewhere
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cm pairs. Also shown at bottom is
transparent window and video camera
used to visualize experiments with
polycarbonate cylinders.




1623 Dual 20-cm stainless steel ICCs were inserted into the tunnel after the IKP2-1 IWC time series had stabilized ,
and were usually extracted at the time the ice shaver was turned off. One cylinder was exposed directly in front of
the IKP2-1 inlet in the tunnel center. The other cylinder was about 2.4 cm off the horizontal center. Figure 18
shows a picture of the ICC mast inserted in front of the IKP2-1, although with a 10 / 20 cm combination that was not
used for IKP2-1/ICC comparisons rather than the regular 20/ 20 cm cylinder combination.

A total of 6 ice shaver rates, producing IKP2-1 IWCs spanning from about 0.7 to 4.4 gm™, were used for the
comparisons. At most shaver settings, there was insufficient time to get an adequate sample of both the IKP2-1
measurement and the ICC bulk collection on the same run, due to the finite length of the ice block being shaved.
Consequently, the typical procedure was to perform an entire pre-ICC run for the IKP2-1 measurement without the
ICC exposed, followed by an ICC exposure run, and finally a post-ICC IKP2-1 run again with no ICC exposure.
The pre and post IKP2-1 time series were averaged over an equivalent stable time period, averaged together, and
then compared to the IWC calculated from the bracketed ICC exposure run.

The ICC IWC was computed using the following formula:

ICCIWC = —" (1)
eAVAt

Where m, is the mass of the collected ice, A is the area of the inlet, V" is the tunnel velocity, At is the exposure
time of the ICC, and ¢ is the collection efficiency. Most of these are relatively well know. The diameter of the
collection cylinder was measured with a micrometer across 4 diameters and averaged. The velocity was measured
by tunnel systems and estimated to be within 1 ms”, and since it was used in both the ICC and IKP2 IWC
measurements, velocity errors introduce no net uncertainty in the relative comparisons. The exposure time is
probably accurate to within about 2 seconds, leading to an increasing uncertainty as ICC IWC increases, from
approximately 0.5% at 0.7 gm™ to about 3.5% at 4.4 gm™. The mass of the collection is calculated by subtracting the
exposed cylinder mass to its dry empty mass. The scale was checked with calibration weights, and found to be
accurate to within 0.01 g. Since the collections varied between about 1 and 4 g, the uncertainty in the m, values
varied from about 0.25% to 1%. Regarding the value of &, since the MMD of the ice particles is about 200 pm, the
particles can be considered ballistic with unity collection efficiency. However, as will be discussed below, there are
likely other factors reducing the efficiency of the final mass collection. For the purposes of ICC IWC calculation,
the value of ¢ is chosen to be unity.

To account for biases in the IWC values due to small differences in airspeed and measured shaver rate from run
to run, both the IKP2-1 and ICC IWC values have been normalized to an airspeed of 150 ms™ and the nominal
shaver rate as per the following:

wce, Vs,
e, == =
ref~'m

where /WCly is the velocity and shaver rate -normalized IWC, /WC,, is the measured IWC, V. is the 150 ms™!
reference velocity, S,, is the measured shaver rate, and S, is the nominal reference shaver rate for the setting.
Taking into account the uncertainties noted above, it is reasonable to conclude that the ICC IWCy calculations
should have an uncertainty of < 5%, excluding the consideration of the efficiency uncertainty.

Regarding the IKP2 TWC calculation, there is some small but not insignificant uncertainty due to the BWV
measurement, which is subtracted from the IKP2 total measurement to obtain IWC. During the last 3 days of
testing, a number of different inlets were compared to evaluate their effects on BWV. An example of these
comparisons is included in Fig. 9, where a span of about 0.15 gm™ was observed from the highest to the lowest in-
cloud BWV measurement (highest is LBCK?2, rear-facing inlet aft of IKP2 strut; lowest is LBCK3, an experimental
NASA rear-facing inlet in front of the IKP2, with a cone deflector, and a 4.4 cm tube extension past the deflector).
During the actual ICC runs, which were performed before the inlet testing, only one inlet was always available, the
wall-mounted G-II inlet described earlier, and hereafter referred to as the reference G-II inlet. For consistency only
its data has been used for BWYV subtraction in the IKP2 TWC calculations. Unfortunately, it now appears that other
inlets, if they had been available, would have been better choices. Estimated errors resulting from the use of this
reference inlet will be described below.

The BWV measurements of Fig. 9 showed an unexpected in-cloud reduction for two inlets. The reference G-II
inlet showed a slight increase in cloud. A reduction in BWV can only be explained by a transfer of vapour from the
air to the ice crystals, only occurring if the air is supersaturated with respect to ice. It is believed that this unexpected
situation resulted from the approximately 11 C static temperature decrease from the mouth of the tunnel to the
sample section at 150 ms™. In special tests at 80 ms™', with only a 4 C temperature decrease, the in-cloud reduction
in the BWV was not observed, presumably because the air temperature was not lowered sufficiently to induce
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supersaturation. The results indicate that the BWV

increases in cloud at 150 ms™ measured by the other NRC M7 Test Cell 5 Wind tunnel Tests, Jan. 2016
two inlets are false, perhaps due to ingestion of ice B [BW\ decreased by 0.065 gm” to est. BWV erfor /|
crystals or sublimation of ice in local areas of adiabatic 5.0 [rall data velocity normalized to 150 ms* 9 ]
temperature rise in partially stagnated flow around 4.5 e : 7
obstructions. During testing over the 3 final days with a0} & -
even more inlet configurations, an in-cloud decrease in ‘?E 35 GBG} ]
BWYV was a consistent observation at 150 ms™ for all ey — 1
inlets with deflectors and a minimum up-flow g i

obstruction. The decrease relative to the reference G-II =i |
inlet varied from about 0.03 to 0.1 gm~™, was not g' 20r 8 ]
particularly sensitive to IWC, and was most often ¥ 15¢ 1
between 0.05 and 0.07 gm™. It cannot be categorically 10 .
concluded that reference G-II inlet over-read the BWV 05| -
during all of the remaining 30 ICC measurements, but i< S A TP S e I ST Sl vl i S
the available evidence suggests that it did so by about 00 05 1.0 1.5 20 25 30 3.5 40 45 50 55
0.03-0.10 gm™. Consequently, all 34 reference G-II Ice Capture Cylinder IWC gm”

BWV measurements have been decreased by an . .
intermediate value of 0.065 gm™ in the IKP2 TWC | Figure 19: Comparison of IKP2-1 IWC to Ice
calculation. The uncertainty in this correction is of the | Capture Cylinder bulk estimates at the NRC M7
order of +0.04 gm>. It should be noted that this | 1€St Cell 5 wind tunnel in January 2016 (test 7,
correction will have the tendency to slightly worsen the | Table 2).
agreement of the IKP2 and ICC measurements.
Comparisons of the 34 ICC and IKP2-1 IWC values are given in Fig. 19. The IKP2-1 IWC values are
consistently higher than the ICC IWC. The slope of the best fit line through the origin is about 1.15. The overall
average ratio of IKP2/ICC IWC for all the points in Fig. 19 is 1.20. The ratio of the IKP2/ICC actually decreases
with increasing IWC, from 1.33 at a nominal 0.7 gm™ to 1.15 at a nominal 4.4 gm™, minimizing at about 1.09 at a
nominal 2.6 gm™. There appears to be some factor either decreasing the ICC or increasing the IKP2 estimate relative
to the other at low IWCs. Another way to illustrate the data is to plot the results as a function of the ice delivery
rate. If the spatial distribution of the ice in the tunnel does not vary with the amount of ice delivered, the IWC
measured at the center of the tunnel should be linear with respect to ice delivery rate, and the linear fit line should
pass through the origin. Figures 20a, b show the IKP2-1 and ICC IWC estimates as a function of ice delivery rate for
the 34 ice capture comparisons. Note that the IKP2-1 best fit line fits the data well, and passes within -0.004 gm™ of

NRC M7 Test Cell 5 Wind Tunnel Tests, Jan. 2016

o T v T T M T T T T M T v T v T v T v T v T ' T
(a) IKP2-1 5 (b) lce Capture Cylinder
| [Linear Regressin Y = A+ B™ X * ) | [Lnear Regression ¥ =A + B~ X A
Parameter Value Error Parameter Value Error
E A 000438 008539 2
o 4|00 0 1 E“T 1
g | |rso,n. P 8
= 006201 022616 2 007755 02406 34 <0.0001
N Q
Q Q
B2 1 87 ]
i m
. .
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C
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Figure 20: Measured (a) IKP2-1 IWC and (b) Ice Capture Cylinder bulk IWC estimates as a function of
normalized ice delivery rate at the NRC M7 Test Cell 5 wind tunnel in January 2016 (test 7, Table 2).
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the origin (Fig. 20a). The corresponding best fit line for the ICC points has an intercept of about -0.17 gm™.
Considering that the IKP2-1 shows no tendency to overestimate LWC at low values during the NASA IRT tests (test
6, Table 2), we believe that the results of Fig. 20 a,b indicate an increasing ICC underestimate rather than an IKP2-1
overestimate as IWC decreases.

The ICC method as tested appears to be subject to a number of factors all leading to IWC underestimate. The ICC
is subject to a certain degree of random loss of captured ice when extracting the cylinder from the tunnel, and
perhaps also occasionally as the ice plug pulsates back and forth in the cylinder. Large errors are eliminated by
comparing duplicate side by side captures, but smaller errors can nevertheless persist and will always be in the
direction of a lower indicated ICC IWC. In addition, the observation of ice depositing on the forward walls of the
cylinder wall moving towards the mouth suggests the possibility of a continuous loss of captured ice that may not be
identified in duplicate samples. Finally, sublimation of ice at the leading edge of the plug in a turbulent sub
saturated volume near the stagnation temperature will reduce ice capture at a larger proportion at lower IWCs than
higher IWCs, since the time of the lower IWC captures is proportionately longer, and the surface area of the leading
edge of the ice plug is approximately constant.

In spite of these uncertainties, the comparison of the IKP2-1 to ICC IWC is reasonable, and generally within the
original target of 20% accuracy for the IKP2. The ICC method shows promise in attaining higher levels of accuracy
as an IWC reference, but needs further investigation and perhaps technical improvements to what this study has
been able to achieve to date.

VI. Conclusions

An isokinetic total water content evaporator was developed *' to make measurements at high speed, high altitude,
and in high IWC conditions to collect data in deep tropical convective clouds to support assessment of the new
Appendix D icing envelope. The design goal was 20% accuracy in TWC at an airspeed of 200 ms™. This article
describes the downsizing of the prototype instrument for use on an aircraft smaller than originally intended, and the
performance and accuracy testing of that instrument to date.

The prototype instrument (IKP1) was downsized to decrease weight by almost 50%, drag by 34%, power
consumption by 44%, and wing wiring from 72 to 24 wires. The only significant compromise was the decrease of
the inlet size from 10 to 7 mm, necessary to meet the power consumption reduction. The new probe (IKP2-1) was
ready for testing less than 6 months after project initiation, and underwent 4 separate wind tunnel investigations
before the start of its first successful flight program in January 2014 on the CNRS Falcon-20 aircraft during the
HAIC-HIWC campaign in Darwin, less than one year after project launch. Since then, it has been used successfully
in 2 other flight programs and 3 more wind tunnel evaluations. A second copy (IKP2-2) of the second generation
probe has been manufactured and was flown on the NRC Convair 580 and NASA DC-8, and supported testing in the
NASA Propulsion Systems Lab and Icing Research Tunnel.

IKP2-1 underwent a series of performance tests before its first flight campaign. The probe was quickly found to
saturate in very high IWC conditions, and the evaporator was redesigned and replaced. Subsequent wind tunnel
testing at realistic airspeeds, altitudes, temperatures, and at IWCs in excess of 15 gm'3, revealed no further
saturation.

Deicing performance of the probe inlet was also successfully tested in conditions of about 80-90% of the 2.6 nm
Appendix C intermittent maximum LWC (2.8 gm™). This was the highest value that could be practically tested in
the wind tunnel for an extended period. The probe was exposed for a much longer distance than 2.6 nm, equivalent
to high altitude exposures of about 15-18 nm, much longer than expected in natural conditions, and far in excess of
what has been observed in the 3 flight campaigns to date. There remains a relatively large margin in de-icing power
if it is deemed a requirement in the future.

The ability of the probe to adjust to isokinetic flow has been assessed in 3 flight programs. While the probe is
able to successfully adjust to and maintain a desired flow through the automatic control of a flow-restricting
butterfly valve, the ability of the probe to maintain isokinetic flow in flight mainly depends on whether there is
sufficient flow margin to reach the isokinetic value. During flights tests, the flow margin was found to be similar to
the wind tunnel results at low altitude, but dropped off significantly with height to about 4% at 40,000 feet (12195
m) pressure altitude In spite of the low flow margin at altitude, the valve typically controlled the flow to between
0.90 and 1.05 of isokinetic during flight campaigns. A small correction for TWC to account for flow variations for
the typically ballistic ice particle mass is incorporated in the IKP2 TWC calculation '°.

During the early comparisons of the IKP2-1 LWC to tunnel reference values, differences were unexpectedly
high. A close inspection of the IKP2-1 tip revealed a somewhat blunt leading edge with some shape irregularity,
leading to a perceived uncertainty of the effective inlet area. The tip was redesigned to incorporate a sharp leading
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edge bevel to deflect tip-impacting particles away from the inlet, and a well-defined defined circular inlet was
machined to minimize sample area uncertainty. Subsequent comparisons with wind tunnel reference values
improved significantly, although other changes may have also contributed to that improvement.

A fundamental requirement for IKP2 accuracy is that particles are evaporated before exiting the flow exhaust. A
numerical study of the trajectory of hydrometeors ** concludes that particles larger than about 25 pm will strike the
hot evaporator wall, and those smaller have sufficient residence time to evaporate before the exhaust outlet. Some
indirect evidence of complete particle evaporation comes from wind tunnel testing, where the IKP2-1 IWC remained
linear with respect to ice delivery rate in realistic flight conditions at IWCs in excess of 15 gm™. The assumption
here is that any particle flow-through might worsen as evaporator demand increased with IWC, resulting in an IKP2
IWC non-linearity with increased ice delivery.

The calculation of the IKP2 hydrometeor TWC requires the subtraction of an independently measured
background water vapour (BWV) measurement. The accurate measurement of the BWV continues to be a
surprisingly difficult problem that has varied according to LWC or IWC conditions, from wind tunnel to aircraft,
and has been dependent in our experiments on a number of factors including air inlet design. In some conditions,
particularly at warm temperatures, it is the dominant source of TWC error. The work is ongoing to develop the best
methods for each application. In our wind tunnel experiments, the BWV did not change rapidly with time, and the
various humidity devices could be periodically normalized to remove BWV offsets of up to several tenths of a gm™
relative to the IKP2, minimizing the errors in the IKP2 TWC calculation. The source of these offsets was primarily
the existence of different LICOR hygrometer instrument offsets. In addition, wind tunnel experiments have revealed
that BWV may be affected by inlet ingestion of hydrometeors, and perhaps by evaporation/sublimation of
hydrometeors in adiabatic temperature rises in partial stagnation regions induced by the inlet itself. In each wind
tunnel test, the best inlet was identified and used if possible, or errors were estimated if not using the best inlet.
Wind tunnel BWV measurements may rise in cloud in sub saturated conditions, or even lower in supersaturated
conditions, the latter a situation not initially anticipated.

Some factors affecting BWV removal are more important for flight measurements. In the vicinity of deep
tropical convective clouds, very large natural variations in humidity can be experienced, requiring very accurate
synchronization and a compatible frequency response of the IKP2 and BWV measurements to avoid excessive noise
in the zero-level out of cloud. At -10 C near Darwin, the ice saturation BWV is about 2.2 gm>, of the same order as
the additional hydrometeor IWC to be separated from the IKP2 humidity signal. In practice, we have found that
small errors in synchronization and frequency response practically limit IKP2 1-second measurements in turbulent
tropical conditions to temperatures colder than about 0 C, due to out-of-cloud baseline noise levels that reach several
tenths of a gm> and worsen quickly for warmer temperatures. Fortunately, this effect decreases rapidly with
decreasing temperature due to the exponential decrease in the saturation humidity values with decreasing
temperature. Similar problems of inlet contamination by ice ingestion and sublimation in inlet-induced adiabatic
temperature rises are at play on aircraft as well as wind tunnels. If it were not for these potential contaminating
effects, a simple out-of-cloud adjustment for IKP2/BWYV hygrometer offsets would suffice to ensure accurate IKP2
TWC calculation. But the existence of contamination has not yet been demonstrated conclusively, and is the subject
of continuing study. An interim solution has been to assume ice saturation during in-cloud portions of flight, and
estimate errors based on expected difference between ice and water saturation. For example, at -10C, -30 C and -40
C, the differences are 0.22, 0.11 and 0.06 gm™ respectively for Darwin conditions. These errors assume accurate
identification of an ice saturated region in cloud, or some other method of accurately removing the BWV offset. By
-50 C, the saturation BWV levels are very low (0.04 gm™~) and TWC errors are accordingly small.

A field calibration cart was developed by SEA for laboratory and flight campaign IKP2 performance testing. It
has also provided important information on IKP2 absolute LWC accuracy and calibration stability. The system
provides a measured amount of water directly into the inlet of the IKP2 at a measured airspeed. The comparison
provides an estimate in ground conditions of the combined LWC accuracy of all IKP2 component measurements
and calculations with the exception of the inlet area measurement. Results indicate an agreement between the IKP2
and the calibration values of about + 4% over 2.5 years and 15 calibrations, with no noticeable trends with time or
differences between the two IKP2s.

Careful LWC comparisons of IKP2-1 and IKP2-2 were made to NASA IRT reference values, the latter provided
by hot-wire measurements that have been crossed checked against traditional icing blade measurements. The
accuracy of the NASA IRT LWC reference values is estimated by NASA to be approximately 10%. Nominal test
conditions varied from 77-128 ms” true airspeed, 15-196 pm MVD, and 0.48-3.71 gm™. A linear regression of
IKP2-2 and IKP2-1 measurements versus the tunnel calibration revealed that the IKP2 consistently measured about
a factor 1.12 higher than the tunnel calibration with little bias. The precision of the IKP2-1 and IKP2-2
measurements, taken independently one day apart, was estimated at better than 1%. Since any differences between
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the two IKP2s also included day-to-day tunnel differences, this high IKP2 precision was also an indication of the
high level of tunnel repeatability. In terms of overall accuracy, it was concluded that the IKP2 probes agreed in a
highly correlated manner to the IRT reference values with a scale factor difference that was within the expected
scale errors of the combined IKP2 and tunnel measurements.

The search for an equally convincing absolute accuracy assessment in IWC conditions has proven elusive. A
wind tunnel facility with an accurate IWC reference method capable of testing the IKP2 at high speed could not be
found, leading the authors to pursue their own accuracy estimates. Measurements with the IKP2 in two different
tunnels, one under conditions close to high altitude flight conditions, have shown a linear relationship of IWC
versus ice delivery rate up to in excess of 15 gm™, revealing that there is no evidence of roll off in the response of
the probe as IWC increases. In one of these tunnels, an independent bulk IWC estimate was obtained using ice
capture cylinders, up to an IWC of approximately 4.4 gm'3 at 150 ms”'. The ice capture cylinder (ICC) method has
been first used in European tunnels, but there is little available published information. The authors discovered a
number of difficulties in obtaining consistent ICC measurements, and the refinement of the method was a learning
process and specific to the tunnel. The results presented in this article from the Jan. 2016 tests represent our best
comparisons to date with the best ICC data quality control, but there is likely still room for improvement. The
authors believe that the most significant errors in the ICC IWC estimate all tend towards underestimation,
particularly for the lowest IWC collections. Visual records of ice collection using transparent cylinders suggested
several possible avenues though which collected ice may have been re-entrained out the cylinder or partially
sublimated during collection. Comparisons of IKP2-1 to ICC IWC estimates, all taken near 150 ms™, reveal that the
IKP2-1 consistently measured higher than the ICC. The ratios of IKP2-1 to ICC IWC were 1.30 at 0.7 gm™, 1.09 at
2.46 gm™, and 1.15 at 4.4 gm™, with an overall average ratio of 1.20. These higher ratios at lower TWC were not
observed in the careful NASA IRT comparisons in LWC conditions. The authors believe that lower ICC
measurements are likely due to disproportionate ICC errors at low IWC due to collection loss and/or sublimation.
Furthermore, there is some indirect evidence that the IKP2-1 IWC is the more the credible measurement at low
IWC, in comparisons of the IKP2 and ICC IWCs versus ice delivery rate. Further development of an IWC reference
standard and assessment of uncertainty is recommended.

In summary, IKP2 system accuracy has been estimated in a companion article to be approximately 3-5 % for
TWC greater than 0.5 gm™ and temperatures colder than -29 C '°. The same analysis shows than the target accuracy
of 20% is exceeded for all conditions colder than -10 C and greater than about 0.25 gm™. The present study found
that IKP2 LWC measurements were within about 4% of an SEA designed field calibration system, and about 12%
higher than the NASA IRT reference LWC, whose accuracy is estimated by NASA at 10%. IKP2 IWC
measurements were on the average 20% higher than ice capture cylinder measurements. It is believed that this is not
an indication of over-reading of the IKP2, but rather, at least in part, a result of shortcomings in the ice capture
cylinder method as applied in this study, which is exploratory and with uncertainties that tend to lead to
underestimation. Nevertheless, the comparisons of are still just within the original 20% accuracy target for the IKP2.
Future work will include NIST calibrations of the LICOR-840A hygrometers used by the IKP2 and the BWV
measurements spanning flight atmospheric pressures, and analyses of additional flight data from the HAIC-HIWC
Cayenne 2015 and HIWC RADAR 2015 flight campaigns, which are expected to provide additional information on
the effect of BWV uncertainty on flight campaign TWC estimates.
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