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NASA conducted a winter 2015 field campaign using weather balloons at the NASA
Glenn Research Center to generate a validation database for the NASA Icing Remote
Sensing System. The weather balloons carried a specialized, disposable, vibrating-wire
sensor to determine supercooled liquid water content aloft. Significant progress has been
made to calibrate and characterize these sensors. Calibration testing of the vibrating-wire
sensors was carried out in a specially developed, low-speed, icing wind tunnel, and the
results were analyzed. The sensor ice accretion behavior was also documented and analyzed.
Finally, post-campaign evaluation of the balloon soundings revealed a gradual drift in the
sensor data with increasing altitude. This behavior was analyzed and a method to correct for
the drift in the data was developed.

Nomenclature
aj = frequency drift trendline slope
a = frequency drift trendline intercept
b = SLWC model coefficient
Cy = SLWC model wire mass coefficient
3 = SLWC model ice mass coefficient
D = wire diameter
d = diameter
& = collection efficiency
f = frequency
fo = natural frequency
h = pressure altitude
ILwW = integrated liquid water
Ly = total free wire length
L, = shielded wire length
m,, = mass of wire per unit length
r = ice density parameter
p = density
N = thickness of blade ice accretion
SLWC = supercooled liquid water content
T = temperature
t = time
u = speed
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I. Introduction

NFLIGHT icing of aircraft is a hazard to the aviation community. Providing operators with near real-time

information of atmospheric icing conditions is a possible means to reduce hazard by operationally minimizing
exposure. The NASA Icing Remote Sensing System (NIRSS), which NASA researchers have been developing, can
potentially provide this information to pilots and air traffic controllers. However, the NIRSS is still in the
development stage, requiring validation from in-situ measurements of icing conditions. Thus, to support NIRSS
validation efforts, NASA funded Anasphere, Inc., through the Small Business Innovative Research (SBIR) program,
to develop and calibrate weather balloon-borne, supercooled liquid water content (SLWC) sensors that could acquire
the necessary in-situ measurements. The sensors Anasphere, Inc. developed are inexpensive, disposable and easily
deployable. These characteristics provide both researchers and meteorologists investigating atmospheric icing new
opportunity to obtain in-situ measurements of natural icing clouds.

Equipped with the new sensors, NASA researchers conducted a field campaign at the NASA Glenn Research
Center (GRC) in Cleveland, OH during winter 2015 to develop a NIRSS validation database, and documented the
preliminary results in Ref. 1. The researchers at NASA coordinated with meteorologists from the National Center
for Atmospheric Research (NCAR) in Boulder, CO to concurrently operate the NIRSS and release weather balloons
during forecast periods of inflight icing conditions over Cleveland to develop the validation database for the system.
The weather balloons carried disposable instrument packages, known as radiosondes, vertically through the clouds
to acquire and transmit in-situ measurements of atmospheric conditions during ascent to a ground station. The
specialized sensors developed by Anasphere, Inc. were attached to these radiosondes. A database of twenty-three
weather balloon soundings across twelve different icing events was compiled as a result of the campaign. A means
to calibrate and characterize the SLWC sensors was not available at the time of the field campaign and has since
been developed.

This paper focuses on the calibration by NASA and Anasphere, Inc. of the SLWC sensors. Significant effort has
been made recently to calibrate these sensors, including facility development and experimental testing. The facility,
the calibration testing, and the progress towards a thorough sensor calibration are discussed. Additionally, during the
calibration testing, a volume of photographic documentation was taken of the ice accretion along the SLWC sensor
probe element. Analysis of the ice accretion images are used to further characterize the sensor and refine the
equations used to calculate SLWC. Finally, an unexpected behavior observed in the weather balloon SLWC sensor
data during the winter 2015 campaign is analyzed, and methods to correct for the behavior are described. The
primary objective for this work is to further the understanding of the SLWC sensors, thereby providing improved
fidelity to the NIRSS validation database.

II. Background Information

The instrument package, shown in Fig. 1, released with the
weather balloons for the field campaign included the Intermet
Systems, Inc. iMet-1-RSBN Radiosonde and the Anasphere, Inc.
vibrating-wire, SLWC Sensor. The iMet-1-RSBN is a
meteorological radiosonde designed to transmit upper air
J pressure, temperature, humidity, and GPS data on the 403 MHz

_ meteorological frequency once every second. It is capable of
/ ) interfacing and transmitting the data acquired by additional third
) party sensors; this capability was used to obtain the SLWC
measurements from the Anasphere, Inc. sensor.

The principle behind the SLWC sensor is the change in
natural frequency of a wire due to ice accretion along the wire.
The natural frequency of the wire decreases as ice accretes.
Profiles of SLWC along the weather balloon flight path can be
derived from the time history of the measured wire vibration
frequency and ascent speed. Anasphere, Inc. produced a new
prototype SLWC sensor through a series of NASA sponsored
SBIR contracts starting in 2012, building upon the work
Figure 1. Instrument package used during pubished in Ref. 2 through 4.

\\._\

the NASA winter 2015 campaign—the The 0.6 mm steel wire element, which can be seen extending

SLWC sensor is highlighted in the from the slot in the highlighted carton board enclosure in Fig. 1,

foreground. is periodically “plucked” using a servomotor with a magnet
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attached to a short support. A thin film piezoelectric sensor, which is inserted between two silicone rubber squares
along with the base of the wire, measures the wire vibration frequency. The natural frequency is nominally
determined every three seconds through an Anasphere, Inc. proprietary signal processing method. The sensor shown
in Fig. 1 is the third generation of the Anasphere, Inc. SLWC sensor. Further information on the first and second
generation sensors is available in Ref. 5 and Ref. 6, respectively.

III. Calibration

A. Facility Development

A low speed icing tunnel was developed by
Anasphere, Inc. for calibration testing of the SLWC
sensors as a part of the SBIR contract. The facility is a
closed circuit, fan driven, icing tunnel capable of
achieving steady airspeeds in its 30 cm by 30 cm test
section around 5 m/s, the nominal ascent rate of the
winter 2015 campaign weather balloons. The tunnel
heat exchanger is capable of cooling and maintaining
the air to subfreezing temperatures. A single Spraying
Systems Co. 1/4J-SS air-atomizing nozzle is used to
create the supercooled cloud. The nozzle air and water
pressures are independently controlled, and the water
supply was chilled to ensure supercooling. Figure 2
shows a side view of the tunnel test section with SLWC  Figure 2. Low Speed Icing Tunnel Test Section
sensor enclosure and phase doppler interferometer used
during the calibration testing.

B. Calibration Testing

The testing was carried out in two phases. The first
phase of testing utilized the SLWC sensor and an Artium
Technologies, Inc. Phase Doppler Interferometer, model
PDI 300, which measured the particle size and speed
distributions. The PDI measurements were non-intrusive,
and the sample volume was situated at the centerline of
test section, approximately 20 cm upstream of the SLWC
sensor. The vibration plane of the SLWC sensor wire
was orthogonal to the flow direction, and the mid-point
of the wire was positioned at the centerline of the test
section. Once the tunnel temperature stabilized, the nozzle water and air pressures were varied for each spray to
achieve the desired liquid water content. The air temperature, the particle size and speed distributions, and the
SLWC sensor frequency were acquired for a “cloud on” duration of at least 60 seconds for each case.

The second phase of testing focused on obtaining independent measurements of the SLWC for the same
conditions as the first phase of testing. Since there were concerns taking these measurements using hotwire
instruments, such as instrument operability, measurement quality, and additional heat load on the facility, an ice
accretion method was used. A 0.64 mm thick icing blade that spanned the horizontal length of the test section,
thereby allowing the blade to be supported on both sides, was used to measure the SLWC. The spray times were
varied for each condition to achieve an approximately 0.6 mm thick ice accretion, which ensured that accretion
would have minimal effect on the collection efficiency and avoid shedding. The ice thickness was photographed at
marked locations along the span of the blade, as indicated in Fig. 3.

Figure 3. Reduced resolution icing blade image

C. Calibration Testing Data Reduction

In order to obtain the SLWC values from the sensor, the frequency profiles were smoothed with a robust local
regression using weighted linear least squares and a second degree polynomial (LOESS) routine available in
MATLAB as described in Ref. 6. Figure 4 shows the smoothed experimental frequency data from the SLWC sensor
for four of the ten calibration cases for clarity. The frequency time derivative is the primary term in the calculation
of SLWC from the vibrating-wire sensors. The trends for each case are linear, and all have coefficient of
determination values, R’, greater than 0.996, indicating good correlation. A generalized central differencing method
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is typically used to determine the incrimental df/dt every three
seconds for a weather balloon sounding, but based on the
high degree of correlation, the trend df/dt values were used as
constants to calculate the SLWC for the sensor.

The sensor SLWC values were then calculated using Eq.
(1). In Eq. (1), the terms f, fy, t, D, and u are the wire
vibration frequency, the clean wire natural vibration
frequency, the time, the wire diameter, and the airspeed,
respectively. The term b is a coefficient defined by Eq. (2)
through (4), where generalized forms of Eq. (3) and (4) were
derived and published in Ref. 6. The term m,, is the mass of
the steel wire per unit length, 2.2x10~ kg/m. The terms Ly,
0.94 mm, and L;, 0.35 mm, are the total free length and the
shielded length of the wire, respectively. The mean particle
speed, u,, measured by the PDI was assumed to be equivalent
to the airspeed, u, in Eq. (1). Table 1 shows the calculated
results. As can be seen in the frequency time derivative
values in Table 1, increasingly negative df/dt values correlate
directly to increasing SLWC values for the sensor.

__ 2bf§ df
SLWC = ~Dufidr (1)
=&
b= o m,, )
3r—8
o= (5

1 - (mLy - (mLy ( L1> ]
C3—E[85ln(2—LO>—SlTl(L—O>+3T[ 1—Z —8 (4)

The blade SLWC values shown in Table 1 were
calculated using the blade equation, Eq. (5), described in Ref.
7. The terms p;, S, ¢, u and ¢ are the ice density, the ice
accretion thickness, the collection efficiency, the airspeed,
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(reproduced from Ref. 8)

and the spray duration, respectively. The precise ice accretion thickness, S, for each case was determined from the
images using the scale on the blade shown in Fig. 3. Ref. 8 provides an empirical relation, Eq. (6), which can be
used to estimate soft rime ice density for values of r, the ice density parameter defined by Eq. (7), between 0.8 and
10. A soft rime ice accretion, which was previously observed in Ref. 4 for similar vibrating-wire sensors, was
observed during testing. Figure 5 shows ranges of air temperatures and wind speeds in which different ice accretions
have been observed as noted in Ref. 9. The calibration test conditions fall well within the soft rime region defined in
Fig. 5. The terms d, 59 and T are the median volumetric diameter (MVD) and the blade-ice surface temperature,
respectively. The blade-ice surface temperature was assumed to be equivalent to the tunnel air temperature in this

analysis.
stwe =25 (5)
sut
p; = 110r°76 (6)
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Table 1. Calibration Test Measurements and Results
SLWC Sensor and PDI Testing Blade Testing
Case dys T u, ddt  SLWC' t S T r pi SLWC*
0
um °C  m/ls sec” xI0° a/m’ sec mm °C  m’/s°C  kg/m’ a/m’
P20 = 10 psig Series
1 35 -10 57 -3.79 1.15 105 075 -14 6.5 455 0.71
Pu2o = 20 psig Series
2 32 -10 55 -1.96 0.74 80 0.78 -14 5.9 430 0.92
3 30 -11 5.1 -1.90 0.64 120 0.62 -14 5.6 400 0.46
4 27 -10 52 -1.04 0.35 165 0.71 -15 4.6 350 0.34
5 24 -10 5.0 -0.52 0.19 270  0.51  -14 43 330 0.15
Pu2o = 30 psig Series
6 35 -10 538 -4.75 1.39 60 074 -13 6.6 460 1.24
7 30 -10 4.6 -2.19 0.79 65 069 -14 54 400 0.94
8 29 -9 5.3 -1.51 0.49 70 071 -14 5.3 390 0.89
9 26 -10 49 -1.03 0.37 75 0.68 -14 4.7 360 0.75
10 23 -10 49 -0.84 0.29 80 0.61 -14 4.2 330 0.59
" Mean Particle Speed assumed to be tunnel test section speed
j Vibrating Wire Sensor SLWC values
* Blade SLWC values
D. Sensor Calibration Results
Figure 6 shows the calculated SLWC profiles for each
case over a sixty second period. The calculated SLWC
profiles for all cases rise to varying degrees, between 3% 25 —
and 17%, over a one minute duration. The rise in the sosd Run2
calculated SLWC is proportional to the indicated SLWC. : ———— Run4
This effect may be of due to the general form of Eq. (1), 5 -
where the cubed frequency term, f, in the denominator — Z Che
decreases with continued exposure to the supercooled 175 1 Run®
cloud, thus increasing the calculated SLWC. Other effects “g ' : : ]
such as cloud recirculation in the facility may also be e 5] == T -
contributing factors which were not investigated for these &) - - 1
tests. However, the linearity of the frequency profiles E 1254 L T !
suggest that SLWC in the test section remained fairly 7 R
constant during any given case. If the effect is primarily a § 4
response to the form of Eq. (1), the results suggest an upper >
engineering limit to the sensor equations somewhere — * 075 ——————————
between 0.75 g/m’ and 1 g/m’. It should be noted that
sustained exposure to liquid water contents of 0.75 g/m’ or 05— == — = = = = = = = = 1
greater for over a minute represents a significant and
particularly thick supercooled cloud layer, which were not 0251 -7 T
typically encountered by the weather balloons released
during the 2015 field campaign into winter stratiform 0 T T T ' '
clouds. 0 10 20 30 40 50 60
Finally, Fig. 7 shows the comparison between the Time, Sec
calculated sensor and blade SLWC values. The correlation  Figure 6. Sensor SLWC  profiles showing
between the two measurements is promising, as Fig. 7 gradual increase in calculated SLWC

demonstrates that the blade and sensor values tend to agree
to well within £25% in several cases, as indicated by the

5

proportional to the indicated SLWC.
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dashed lines. Case 3, the point from the 20 psig water
pressure series outside the £25% lines, falls within
+30%, while the points from the remaining cases are
well within £50%. Additional testing is required to
increase the available data set and formulate a more
complete understanding of the SLWC sensor
performance.

IV. Ice Accretion Analysis

The tunnel testing presented the opportunity to
observe the character of the ice accretion upon the
sensing element, and to obtain images such as those
shown in Fig. 8. The distance between the caliper tips is
30 mm in both images. Both images in Fig. 8 show a
distinct shadow zone at the base of the element,
indicating the extent of the particle boundary layer,
which has not been previously documented. The length
of wire without ice accretion, L,, is a parameter that is
used to calculate the sensor SLWC, and this information
allowed researchers to improve the fidelity of the model.
While the initial impressions of the researchers were
that the existence of this shadow zone would have a
significant effect on the results, an analysis, as described
below, demonstrated that the effect in the calculation is
negligible.

The assumed ice accretion along the wire sensing
element used in Ref. 2 through Ref. 4, and Ref. 6 is
shown in Fig. 9. The total effective length of the wire,
Ly, has been assumed to be the length from the wire tip
to the point the wire is “rigidly” clamped, the edge of
the two silicone rubber squares previously mentioned.
The term for the shielded wire length, L; was
previously assumed to be the length from the edge of
silicon rubber squares to the outside edge of the sensor
enclosure. The difference between these two lengths
sets the exposed length of the wire used in Eq. (1), Eq.
(2), and Eq. (4). For the Anasphere, Inc. SLWC Sensor,
the values used in all previous works for L, and L; were
94 mm and 25 mm, respectively. Based on the image
data, there is a shadow zone along the wire of
approximately 10 mm, within which ice did not accrete
during testing.

The increase of L; from 25 mm to 35 mm was
examined for cases 1 through
10, and the effect was
determined to be insignificant.
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Figure 7. Sensor and blade SLWC comparison.

Figure 8. Wire ice accretion from tunnel
testing showing shadow zone

airflow

The SLWC increased by a
consistent 0.75% in every case.

ice

The insensitivity of the
calculated SLWC is a function
of the model coefficient, b,
defined in Eq. (2), which only

- L,

increases by less than a few
percent for values of L;

approaching 50% of the total Ref. 4).
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Figure 9. Illustration of ice accretion upon the wire (reproduced from



wire length, Ly,. While the effect in the SLWC calculation is negligible, the approximately 15% decrease in the
effective exposed wire affects the amount of ice mass accreting on the wire, and thus affects the frequency
depression. Note that all sensor SLWC values reported in this document were calculated using the corrected L;
value. Additionally, the calibration testing did not investigate the existence of the shadow zone at varying sensor
orientations to the freestream, which would be expected during a weather balloon sounding.

V. Sensor Data Drift
A. Data Analysis

The wire vibration frequency profiles for several of the soundings from the winter 2015 campaign demonstrate
an upwards drift in the frequency with increasing altitude. Figure 10 shows two examples of this behavior. Figure
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Figure 10. Frequency profiles from the 2015 winter campaign for (a) the 03/20/2015-01
balloon release showing the characteristic frequency depression due to ice accreition on the
wire and (b) the 03/11/2015-01 balloon release, a balloon release into clear skies.

10a shows the typical sensor response to an encounter with significant levels of SLWC, marked by the frequency
depression and subsequent gradual recovery upon exiting icing conditions. Figure 10b shows a null case from a
clear-skies day, where the weather balloon did not encounter measureable quantities of SLWC. The gradual
increase, or drift, in the frequency profiles is observable in both of figures. The drift is linear when plotted on a
logarithmic pressure scale, and does not appear to be affected by the presense of icing conditions as shown in Fig.
10a.

Thermal effects in the sensor materials caused by decreasing temperature were hypothesized to be the reason for
the frequency drift. The primary suspect sources include (1) increased modulus of elasticity of the silicone rubber
clamping structure, reducing the effective length of the wire by decreasing the clamp’s structural pliability, and (2)
increasing modulus of elasticity of the wire, thus stiffening the wire. Both effects would lead to increases in the
natural frequency of the wire. There is influence of temperature on the thin film piezoelectric sensor, but this effect
is in the amplitude of the voltage signal, not the median frequency. Thus, it was not investigated in the following
analysis.

7
American Institute of Aeronautics and Astronautics



Figure 11 shows the relative effects
comparison between decreasing effective wire
length and increasing wire stiffness. The left
plot shows that decreasing the effective length
marginally by 1 mm, about 1%, can increase
the natural frequency by almost 1 Hz. This is
similar in magnitude to the frequency
depression observed during moderate icing
conditions. The right plot shows the effect of
the wire stiffening. The modulus of elasticity
for 1080 Carbon Steel is approximately 204
GPa at 0 °C, and increases by approximately 3
GPa, about 1%, from 0 °C to -50 °C (Ref. 10).
This can lead to an increase in the wire natural
frequency of 0.3 Hz. The magnitude of each of
these effects suggests that both are potentially
contributing factors to the frequency drift
behavior.
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B. Laboratory Testing and Analysis

A SLWC sensor was tested in a controlled laboratory
environment to better understand this behavior. A small slit
was placed in the side of one of the silicone rubber squares,
and a thin thermocouple was inserted with thermal
compound to approximately measure the temperature of the
silicone rubber square during testing. The sensor was placed
in a freezer with controllable temperature, and the
temperature and frequency were recorded over a period of
approximately 30 minutes, until the measured temperature
reached the coldest setting for the freezer, -15 °C. There was
no measureable difference between the SLWC sensor natural
frequency during testing at room temperature before and
after modification to accommodate the thermocouple.

Figure 12 shows the frequency drift profiles for several
soundings from the winter 2015 campaign and the laboratory
test. Three of the profiles have frequency depressions,
approximately between 0 °C and -10 °C, which are due to the
ice accretion upon the wire. The data clustering near -60 °C
for some cases is due to the weather balloons reaching the
isothermal layer near the tropopause. Each SLWC sensor is
unique—the clean-wire, natural frequency varies for each
sensor. However, the slopes of the profiles are relatively
similar. The profile from laboratory testing is generally
similar in trend to the profiles from the balloon soundings,

which confirms the hypothesis that the drift is due to thermal effects.

C. Correcting Data

A method to correct the winter 2015 campaign data was developed and applied to the soundings with the
apparent drift behavior. The linearity of the profiles when plotted on a logarithmic scale is apparent in Fig. 10. A
trend was developed for each sounding, given by Eq. (8), and the soundings were corrected by removing the
difference between trend and the natural frequency from the frequency profile. The terms 4, a,, and a, in Eq. (10)
are the pressure altitude, the trendline slope, and the trendline pressure altitude axis intercept, respectively.

h =aqlog,of + a,

(®)
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Figure 13 shows the correction applied to the 03/20/2015-01 balloon sounding. The left hand plot shows the
temperature, shown in red, and dewpoint, shown in blue, profiles on a Skew-T, Log-P chart. The profiles indicate
the presense of cloud where the dewpoint depresses to coincide with the temperature. The center plot shows the
corrected and uncorrected frequency profiles and the frequency drift trendline. Finally, the right plot shows the
calculated SLWC profiles based on the corrected and uncorrected frequency profiles, where the SLWC profile was
calculated using Eq. (1).

The trendline captures the frequency drift well in Fig. 13, and the difference between the corrected and
uncorrected frequency profiles is greater at the higher altitudes. The difference between the two SLWC profiles
appears marginal, leading to only a 3% increase in the maximum SLWC, but a 20% increase in the integrated liquid
water (ILW), from 0.25 mm to 0.3 mm, given by Eq. (9). The term p is the density of liquid water in Eq. (9).

1 t
ILW = —f SLWC u dt 9)
p(HzO)ziq

to

This method will allow researchers to correct the weather balloon profiles from the winter 2015 campaign for the

observed frequency drift behavior for the NIRSS validation database, leading to an improved evaluation the NIRSS
algorithms.
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Figure 13. 03/20/2015-01 Sounding profile including the temperature (red) and dewpoint (blue)

profile on a Skew-T, Log-P chart (left), the frequency profiles (center) and the resulting SLWC
profiles (right)

VI. Summary and Conclusions

Significant progress has been made in the calibration and characterization of the balloon-borne, vibrating-wire,
SLWC sensors. A specialized facility was developed, calibration testing was conducted, and test results were
analyzed for these inexpensive, disposable sensors. The preliminary test results are very encouraging. There is
reasonably good agreement between the sensor and blade SLWC values in the majority of the cases. However, an
expanded calibration database is required to develop more in depth conclusions on the accuracy of the sensors.
Additionally, preliminary results from testing suggest that calculations may require modification to handle larger
mass formations on the sensing element, which are associated with lower frequencies. The gradual increase in
calculated SLWC without a corresponding decrease in the frequency time derivative support this conclusion.

Photographic documentation was also taken, allowing for an improved understanding of the ice accretion along
the SLWC probe element. The existence of a shadow zone was confirmed and quantified. The effect of the shadow
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zone on the SLWC calculation was found to be negligible through analysis. However, the existence of the shadow
zone will retard the frequency depression by limiting ice accretion.

Finally, possible causes for the frequency drift in the winter 2015 weather balloon campaign were investigated,
and a method to correct the data was developed and presented. This method will be useful to researchers until the
Anasphere, Inc. SLWC Sensor is developed further to address the frequency drift behavior.

The results of this work have furthered the understanding of the SLWC sensors and improved the fidelity of the
NIRSS validation database. These sensors have great promise and potential in the field of atmospheric icing
research—the sensors are inexpensive, disposable and easily deployable, which affords both researchers and
meteorologists new opportunities to obtain in-situ natural icing cloud measurements.
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