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Abstract

The Science Engineering and Associates (SEA) Ice Crystal Detector (ICD) is an aircraft
mounted hot-wire probe used to measure the bulk water content of clouds. The probe uses two
wires, in concave and convex elements, which are heated to a constant temperature and
evaporate cloud hydrometeors on contact. Generally, these wires are heated to 140°C and the
impact of other temperature settings has not previously been investigated. This work reports
on tests performed at the National Research Council’s Altitude Icing Wind Tunnel in order to
investigate how the probe measurements differ when the wire set temperature is varied from
20°C to 160°C, depending on the ambient conditions. It was found that the probe is able to
operate with wire temperatures ranging from 80°C to 160°C. However, the calculated power
loss due to convection must be modified in order to account for the temperature of the deicing
heater on the probe. Since the deicing element is larger than the hot-wires, it requires more
time to heat up to its set temperature of 50°C, which was not considered in this study. It is
recommended that measurements with the ICD include a plan to mitigate the impact of the

deicing element.

1. Introduction

Hot-wire probes are widely used instruments for measuring the bulk water content of clouds
(e.g. [1]- [4]). Hot-wire probes have a simple principle of operation; heated wires are exposed
to the environment and make contact with cloud hydrometeors. The hydrometeors are heated
up and evaporated leading to power loss across the wires. Some widely used hot-wire probes
include the King probe [5], the Nevzorov probe [6], the Robust probe [7] and the Multiwire
probe [8]. The operating temperature of hot-wire probes does not need to be above 100°C.
Early studies into hot-wire probes suggested that the optimal temperature may be below this
threshold. For example, King et al. [5] recommended a temperature between 80°C and 90°C as
being ideal for a hot-wire probe and Korolev et al. [6] used 90°C as the operating temperature

for the Nevzorov probe. Today, however, as recommended in the user manual, the SEA Ice
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Crystal Detector (ICD) probe [9] used on the National Research Council (NRC) Convair 580
research aircraft is operated at a temperature of 140°C and the Nevzorov probe is operated at
a temperature of 110°C, both above the 100°C threshold.

From September 2020 to February 2021, several different hot-wire probes were tested at the
NRC Altitude Icing Wind Tunnel (AIWT), as reported in [10]. The current report focuses on a
subset of those tests performed in February 2021 where the ICD (SN#4005) was tested with
varying wire temperatures in order to observe the effect of a changing temperature on the
collection efficiency of the probe, a test that had not been done before. The ICD probe has two
sensor wires with set temperatures. One wire is a liquid water content (LWC) sensor and the
other is a total water content (TWC) sensor. The LWC sensor is convex so ice crystals that
make contact will break off and will not be detected, whereas liquid droplets will stick to the
sensor and be detected. The TWC sensor is concave, so both liquid water and ice particles will
be captured. The probe also has a deicing element, which is held at a constant temperature of
50°C in order to prevent ice buildup on the probe. Sensor wire temperatures were tested at
20°C, 40°C, 80°C, 120°C and 160°C with the LWC and TWC temperature sensors being
changed simultaneously [11]. The probe’s normal operational temperature is 140°C, and it is
typically calibrated by the manufacturer in the range of 80°C to 160°C. For each of these test
temperatures, the probe was tested with three sets of AIWT parameters, outlined in Table 1.
For each point, 30 seconds of data were collected before droplet spray was turned on in order
to observe the dry-air power loss. Reference points were also taken at the normal operational
temperature of 140°C along with a Nevzorov probe (SN#300) at its normal operational
temperature of 110°C. These reference points use identical pressure, temperature and droplet

median volume diameter (MVD) settings and a set true air speed (TAS) of 90 m/s.
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Table 1. Wind tunnel parameter and sensor temperature settings tested throughout this experiment.

TAS LWC MVD Static Temperature Static Pressure Sensor Temperature

[m/s] [g/m°] [um] [C] [kPa] [C]
90 05 20 -10 40 20, 40, 80, 120, 160
90 05 20 -10 60 20, 40, 80, 120, 160
90 05 20 -10 80 20, 40, 80, 120, 160

2. AIWT Facility Description

Hot-wire probes are often tested in wind-tunnels (e.g. [12]). The ICD was tested in the NRC
AIWT, a closed-loop wind tunnel capable of simulating flight conditions [13]. The standard

section of the wind tunnel is 57cm x 57cm, which allows for air speeds of 5 to 110 m/s.

The air pressure is controlled by evacuating air using a vacuum pump, and can simulate
altitudes up to 12.2 km (40 000 ft). A heat exchanger allows for the air temperature in the

wind tunnel to be set between -40°C and 30 °C.

The AIWT is capable producing a liquid water spray of 0.1 - 2.5 g/m?3 with droplet MVD
between 8 um and 200 ym [14]. The installation of the ICD in the wind tunnel is shown in

Figure 1.
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Figure 1. An image of the ICD probe installation in the AINT taken from a side window parallel to the ground.

3. Probe Performance at Low Temperature

When the hot-wire temperatures were set to 20°C, the sensor wires were unable to maintain
a constant temperature. Before the water droplet flow was turned on, the wires remained
between 30°C and 45°C as reported by the probe’s control software. The temperature at these
points for the TWC (labeled STWC) and LWC (labeled S083) wires is shown in Figure 2.
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Figure 2. The time series of the ICD recorded temperature for the LWC and TWC sensors, plotted with the AIWT nominal
water content (derived from calibrations with rotating icing cylinder [15]).

When the droplet flow is turned on, after an adjustment period, the TWC (STWC) temperature
holds the desired 20°C in the first two test points and approximately 25°C in the third (not
shown). The LWC (S083) temperature signal was very noisy in all test points, but was
approximately 25°C. When the flow was turned off, the temperature spiked above the pre-flow

temperature.

At this temperature, the LWC sensor did not show any increase in power consumed when the
spray was turned on, so there was no clear signal. The signal of the TWC sensor showed a
spike in one test point, a small signal in one other, and no signal in the last. The signals
detected appear to not be associated with the sensor detecting water, instead they are
associated with transient effects from the deicing element discussed in Section 4.1. Due to the
lack of clear signal at 20°C, the rest of this report focuses on wire temperatures 40°C and

above.
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4. Dry Air Power Variation

In normal conditions the dry air power loss can be calculated from the true air speed, the
pressure and the ambient temperature [9]. The equation used to calculate the dry air power

loss is [16]:

B2
Pt ti 'TAS
Pary = B1(Tw = SAT) | 77— 1
- 1 273.15K

where 7, is the sensor wire temperature, S47 is the static air temperature, .. is the static
pressure, and 7A4S5'is the true air speed. 47 and 4> are fitting parameters which are dependent
on the geometry of the sensor, and vary between the TWC and LWC elements due to their
different shapes. The static pressure, static temperature, and true air speed must be measured
externally, meaning that the ICD cannot be used as a standalone sensor. When the wire
temperatures were changed, however, Equation 1 did not accurately predict the power loss
before or after the test points. So, in order to get any useful data from the plots at varying

temperatures it is necessary to modify this equation to better suit the behavior.

4.1. Deicing Temperature Contributions

Since the spray was turned on shortly after the probes, the deicing element of the probe
was not allowed enough time to reach the desired value of 50°C. As the deicing element
heats up, there is a negative correlation with the wire power for both the LWC and TWC wires

particularly for low temperatures, as shown in Figure 3.
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Measured Sensor Power with Sensor Temperature of 40°C
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Figure 3. The time series of the deicing element recorded temperature along with the element power for the STWC and S083

elements.

This effect causes a decline in power throughout test points which leads to a decrease in

measured water content throughout the test point.

Due to the inaccuracy at lower temperature and transient effects of the deicing element, it
was necessary to modify the dry-air power loss calculation. An empirical modification to

Equation 1 was found, given as Equation 2.

B2
SAT‘I' BBTd i Pt ti * TAS
Pary = B (T, - —tetee) e + By(T,, — 140)
WT + 273.15K

Equation 2 uses a weighted average of S47 and deicing element temperature 7z..c when

calculating the difference from the wire temperature, which is weighted by the parameter £5.

Equation 2 also adds an intercept term for when the wire temperature deviates from 140°C,

Effect of Changing Hot-wire Temperature on SEA Ice Crystal Detector
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which is weighted by a parameter 44. Calculated values for the parameters 41 - /4 were found

using a least-squares optimizer are shown in Table 2.

Table 2. Values of f1, 2, £3 and /4 for Equation 2 for each sensor found using least squares fit.

Sensor B1 B2 B3 p4
LWC 0.0067 0.3294 1.1902 0.0066
TWC 0.0093 0.2818 1.2438 0.0047

These changes improve the accuracy of the dry air power loss estimation and reduce the
decrease in water content related to the deicing temperature. Figure 4 compares the results
of finding the dry air power loss using Equation 2 against a simple offset. Using Equation 2
reduces the correlation between the deicing temperature and calculated WC. The curve
observed in the calculated TWC using Equation 2 is still present, but not as extreme as when
using a simple offset. There is still bias at low temperatures with an underestimation of the
TWC and overestimation of LWC just before the spray is turned on. The TWC is
underestimated by 0.07 g/m?3 at 80°C, and 0.04 g/m?3 at 40°C on average. The LWC is
overestimated by 0.06 g/m? at 40°C on average. This bias indicates that Equation 2 does not
entirely capture the probe behavior at these temperatures and should be further improved.
The effect of the deicing element temperature is mitigated at higher wire temperatures, since
the relative difference between taking the ambient temperature and an average between the

ambient and deicing temperature decreases as the wire temperature increases.
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Calculated WC at Wire Temperature of 40°C
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Figure 4. Water content at a temperature of 40°C, using the same total power as shown in Figure 3 and two strategies of
finding dry air power. The initial strategy used is a simple offset to zero the WC before spray is turned on, the corrected
strategy uses Equation 2.

The effect of the deicing strut may increase the uncertainty of water content measurements in
previous wind-tunnel tests, such as [12]. In those tests the dry-air power term does not take the
deicing strut into consideration and a correction is applied to zero the out of cloud power just
before spray is turned on. If the deicing element had not come to temperature before the spray
is turned on, the zeroing applied just before the spray is turned on may bias the water content
measurements. Furthermore, since the deicing element temperature shows a drop off when
the spray is turned on in Figure 3, not considering the deicing element temperature would

increase measurement uncertainty.
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5. Changing Wire Temperature

Once the dry air power loss is accounted for, the measured water content for the two probes
was calculated. The mean over each of the three test points at each temperature is shown in
Figure 5. There are no clear dependencies of the power on the pressure or TAS. At 40°C, the
TWC sensor shows a low signal at all three test points, on average 0.19 g/m?3 suggesting only
partial evaporation at this temperature. The average calculated water content is equal to the
wind tunnel nominal value (0.5 g/m3) if it is assped that 35% of the water is being evaporated
by the TWC probe at 40°C. However, in the case of partial evaporation on the TWC sensor,
‘pooling’ would be expected [17], which would lead to extra time taken for water to be expelled
after the spray is turned off. As shown in Figure 4, there is no extended signal observed after
the spray is turned off, suggesting that there is minimal or no pooling occurring. There is no
evidence of significant partial evaporation on the LWC sensor, which may be caused by the

geometric differences between the two.
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Figure 5. The measured water content by the ICD TWC (STWC) and LWC (S083) sensors as the temperature varies from
40-C to 160-C and the AIWT nominal water content is set to 0.5 g/m°. The color of each point denotes the sensor and the
shape denotes the static pressure in the wind tunnel when the measurement was performed.

From these data, the average water content measured at each temperature was calculated

across all pressure values, which is shown in Table 3. At all temperatures, the LWC

measurement is higher than the TWC measurement. The measurement difference between

sensors above 40°C is consistent with measurements taken at the standard temperature of

140°C, droplet sizes below 30 7z and the same wind tunnel nominal value of 0.5 g/m?3in [16],

and are likely caused by the difference in geometry of the sensors.
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Table 3. The measured LWC and TWC for each temperature value, along with reference values from Nevzorov and ICD
where the AIWT calibrated WC is held fixed at 0.5 g/m?>.

Temperature ['C] LWC [g/m3] TWC [g/m3]
40 0.44 £ 0.06 0.24 £ 0.03
80 0.57 £ 0.01 0.48 £ 0.02
120 0.58 £ 0.05 0.50+£0.03
160 0.58 £ 0.04 0.55+0.02

6. Conclusions and Recommendations

These tests gave some clarity on the operational limitations of the ICD and its functioning at
set temperatures of 80°C, 120°C and 160°C. The change in power introduced by the deicing
element added a challenge in calculations of the dry air power loss. This effect is exaggerated
at lower temperatures; however, it is still present at higher temperatures. The strut
temperature is an important parameter to characterize in order to avoid measurement bias,
since it is not constant in flight. For example, during sharp transitions such as vertical profiling
of multi-layer clouds the changing environment may cause to changes in the deicing strut

temperature, leading to bias if it is not properly characterized.

The primary concerns of operating a hot-wire probe outside its normal temperature range are
pooling at low temperatures and a vapor layer being created at high temperatures [5]. Both of
these effects would slow evaporation, but these were not observed in this study. At 40°C, the
ICD showed signs of partial evaporation, which limited the WC that was measured. The ICD’s
measurement of water content was consistent from 80°C to 160°C. Since the effect of the
deicing strut temperature variation is more significant at lower temperatures, a higher

temperature such as 140°C remains the ideal operational temperature.
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In future research, this experiment should be repeated with a few minor adjustments: the
temperatures used should be changed, since the probe is unable to sustain a temperature of
20°C, it should be tested at 40°C, 60°C, 80°C, 120°C and 160°C. We also recommend collecting
a period of data with the spray and the deicing element both turned off. Without the deicing
element turned on, the collector wire temperature should be set to each temperature and
approximately 1 minute of clear air data should be collected. These tests should then be
repeated at these new temperatures, giving more time, approximately 1.5 minutes, for the
deicing strut to reach its set temperature before the spray is turned on. These modifications
would provide additional clarity on the impact of the deicing element on the dry air term as well
as minimize its effect by allowing it to achieve its set temperature of 50°C before the spray is
turned on. The additional temperature of 60°C may also allow for a pattern to be seen with the
TWC collector wire’s WC measurement, allowing for the partial evaporation seen at 40°C to be
better characterized. These findings may also be applicable to other SEA hot-wire sensors of a
similar design such as the Robust probe [7] or the multi-wire instrument operation procedure at
NASA Glenn Icing Research Tunnel [18].
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