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Abstract: Ice accretion on the wings of fixed-
wing aircraft and on the rotors of rotary-wing
aircraft can have disastrous results. The ice that
forms on a wing structure, especially along the
leading edge, modifies the wing aerodynamics,
resulting in decreased lift. In the extreme,
this can lead to stall and loss of control of

the aircraft and potentially a crash. Ice build-
ing up elsewhere on the wing, rotor, or air-
frame can add weight to the aircraft. Several tech-
niques and flight protocols have been developed
and are widely used to prevent aircraft from be-
coming ice covered, both in flight and on the
ground.
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Wide-Area Ice Detection
Using Time Domain Reflectometry

NORBERT E. YANKIELUN, CHARLES C. RYERSON, AND SARAH L. JONES

1 INTRODUCTION

Ice accretion on the wings of fixed-wing aircraft and on the rotors of rotary-
wing aircraft can have disastrous results. The ice that forms on a wing structure,
especially along the leading edge, modifies the wing aerodynamics, resulting
in decreased lift. In the extreme, this can lead to stall and loss of control of the
aircraft and potentially a crash (NTSB 1996, 1997). Ice building up elsewhere
on the wing (Fig. 1), rotor (Fig. 2), or airframe can add weight to the aircraft.
Several techniques and flight protocols have been developed and are widely used
to prevent aircraft from becoming ice covered, both in flight and on the ground.

Figure 1. Cessna 210L covered with snow and glaze ice at Hyde Field,
Clinton, Maryland. (Photograph by H. Dean Chamberlain, FAA Aviation
News, September 2001. Used with permission.)
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Figure 2. Military helicopter with ice and snow buildup on rotors and air-
frame. (Department of Defense photo by Specialist Richard L. Branham,
U.S. Army.)

Some, typically larger, aircraft are equipped with in-flight heaters that melt
ice before it can substantially build up on wings or rotor blades. Protocols have
been established for permitting or denying flight into weather conditions where
the potential of aircraft icing is high. On the ground, there are deicing protocols
and methods that ensure little to no accretion of ice on wings or rotors immedi-
ately prior to flight (Fig. 3) (FAA 1994; Duncan 1995a, b, 1997).

While in flight or on the ground, it is difficult to determine when ice is
building up on the aircraft until substantial accretion has taken place. It then
may be difficult, or too late, to take evasive maneuvers or rely on the in-flight
deicing capability.

On the ground, it would be useful to monitor the state of wing and airframe
coverage of deicing fluid, liquid water, or ice. In the air it is useful to detect the
presence of ice on the wing, especially runback ice, which forms aft of ice pro-
tection areas on the leading edge. This can be a primary cause of control loss.
This information can be used to decide when to activate deicing or anti-icing
procedures with greater efficiency and economy or when to exit the icing
conditions.
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Figure 3. Large jet undergoing deicing procedure. (Photo by TSgt Lance
Cheung.)

Current icing detectors are single point ice accretion detectors. They are not
useful for determining a wide-area spatial distribution of ice, snow, liquid water,
or deicing fluids on airframe members (SAE 1995, 2001). They are located to
provide a worst-case surrogate for an uninstrumented portion of the aircraft.

We performed preliminary laboratory experiments to explore the use of time
domain reflectometry (TDR) and frequency modulated—continuous wave (FM—
CW) reflectometry techniques (patents pending) to provide a continuous indica-
tion of the presence or absence of liquid water, solid ice, or mixed phase liquid
water and ice over large areas of the airframe. We also observe the interface
boundaries between ice and glycol-based deicing and anti-icing solutions.

Time domain reflectometry theory

There are at least two functionally different methods for performing the
reflectometry for wide-area icing detection: time domain reflectometry (TDR)
and frequency modulated—continuous wave (FM—CW) reflectometry. To study
the viability of this detection technique, a TDR is directly connected to a parallel
transmission line appropriately affixed to an airframe, wing, or rotor.

The principle of TDR is widely known, described in the technical literature,
and applied to numerous measurements and testing applications. TDR operates
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by generating an electromagnetic pulse (or a fast rise time step) and coupling it to
a transmission line. That pulse propagates down the transmission line at a fixed
and calculable velocity, a function of the speed of light and the electrical and
physical characteristics of the transmission line. The pulse will propagate down
the transmission line until the end of the line is reached and then will be reflected
back to the source. The time, ¢, in seconds that it takes for the pulse to propagate
down and back the length of the transmission line is called the round-trip travel
time and is calculated as

t=2L/y (1)

where
L = length of the parallel metal rod sensor (m)
v = velocity of propagation (m/s).

The propagation velocity can be given as

v=cl(e!2) = c/n 2)

where
¢ = velocity of light in free space (3 x 10® m/s)

¢ = the relative dielectric constant of the media surrounding the transmission
line

n = index of refraction of the media surrounding the transmission line.

For a two-wire parallel transmission line, changes in the dielectric constant,
g, of the media in the immediate surrounding volume will cause a change in the
round-trip travel time.

At any boundary condition along the transmission line (e.g., air/water and
water/ice), a dielectric discontinuity exists. As a pulse traveling down the trans-
mission line from the TDR source encounters these boundary conditions, a
portion of pulse energy is reflected back to the source from the boundary. A
portion of the energy continues to propagate through the boundary until another
boundary or the end of the cable causes all or part of the remaining pulse energy
to return along the transmission line toward the source. Measuring the time of
flight of the pulse and knowing the dielectric medium through which the pulse
is traveling permits calculation of the physical distance from the TDR source to
each of the dielectric interface boundaries encountered. In this application, the
round-trip travel time may be calibrated to indicate whether the instrumented
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airframe member is dry or has the presence of ice, liquid water, or deicing fluid.
Figure 4 shows a block diagram for a TDR system.

Transmission

Line Sensor
Airframe Member Commercial TDR Apparatus
Wati Ice
S B
TDR
Signal
Response

Figure 4. Block diagram of a TDR system.

FM-CW reflectometry theory

A frequency modulated—continuous wave (FM—CW) system can be imple-
mented and applied to the icing problem as an alternative to TDR. FM—-CW
has been widely used as a radar technique (Skolnick 1980, Botros and Oliver
1986, Botros et al. 1986, Stove 1992, Yankielun et al. 1992) and has proven
useful for geophysical applications when coupled with a metallic transmission
line (Yankielun 2001).

Here a steady amplitude signal whose frequency increases linearly with time
is transmitted down a transmission line. The FM—CW signal is produced by a
voltage-controlled oscillator (VCO) driven by a linear ramp generator. This sig-
nal, coupled to the transmission line, propagates down the line and is reflected
from the far end (or intermediate discontinuity), returning to the source delayed
by the round-trip propagation time, 2¢,. This returning waveform is mixed with
a sample of the VCO output that is fed directly to the mixer with a minimal, but
known, delay. The mixing process produces sum Xf and difference Af frequency
spectra. Low pass filtering is applied to retain only Af. Within the bandwidth of
Af, one spectral component, Fp, is proportional to the distance to the end of the
parallel transmission sensor, D, and can be determined using spectral analysis
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techniques. For a transmission line surrounded by a homogenous dielectric
medium with a refractive index n, D is found from

(F, )(tswp )c

Dlm == By @)

where

Fp = difference frequency due to transmission line impedance discontinuity
reflection (Hz)

tswp = FM—CW sweep time (s)
¢ = velocity of light in a vacuum (m/s)
BW =FM-CW swept bandwidth (Hz).

The difference frequency spectra usually lie in the audio range. The spectra
can be calibrated as such with distance, D, related to the round-trip travel time, ¢,
by

t=(2Dn)/c. “4)

Transmission Line Sensor Audio \%\
Amp. .

Airframe Member Computer

Water Ice

Linear Sweep Oscillator

Figure 5. Block diagram of an FM-CW reflectometer.
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A typical implementation of an FM—CW transmission line sensor system, as
shown in Figure 5, consists of several electronic components. A sweep generator,
consisting of a linear ramp generator and voltage controlled oscillator, VCO, is
used to create the necessary signal for this implementation. The linear ramp
generator is used to periodically drive a rf VCO with sufficient swept bandwidth
to provide the required resolution (typically 100 to 1000 MHz of bandwidth).
The output of this sweep generator is coupled to the transmission line through
a circulator (or T, Magic T, power splitter, or similar device) that permits signal
flow from the VCO directly to the transmission line. The swept signal propagates
down the transmission line, reaches the distal end, and is reflected back to the
circulator. At the circulator, the reflected signal is routed to the mixer diode.
There it is mixed with the leakage signal that has propagated across the short path
between the VCO and the mixer.

The resulting output of the mixer consists of a high-frequency signal, f; and
a low-frequency, audio-range difference signal, Af. The rf low-pass filter (LPF)
passes Af'and attenuates Xfto a level making the latter inconsequential. The
signal is filtered through an audio high-pass filter (HPF) to remove DC and low-
frequency audio components associated with near-end terminal reflections. An
audio amplifier may be installed to increase the level of the signal as appropriate
for subsequent signal processing. This signal can be directly processed, analyzed,
and stored or displayed.

There are several methods by which the resulting audio signal may be
processed to provide useful information. It can be viewed directly on an audio-
frequency spectrum analyzer where the spectral peaks indicate the dielectric
interface boundaries. Using a personal computer with digital signal processing
capability, DSP, it can be digitized and processed by an FFT (fast Fourier trans-
form) algorithm, resulting in a power spectrum where the spectral peaks indicate
the dielectric interface boundaries.

While the FM—CW system is a viable alternative, it would have to be specifi-
cally fabricated for this application. We chose to perform our experiments using
a commercially available laboratory-grade TDR system.

Transmission line theory

The characteristic impedance, Z,, of a parallel transmission line can be calcu-
lated by

Z, = 120 osh™ (i] (%)

\/E 2a
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where
a = radius of the conductors
d = center-to-center distance between the parallel conductors.

We designed the probe to have a Z, =25 Q when immersed in water. This
impedance will change as the dielectric medium (water or water/ice, ice, water/
deicing agent mix) surrounding the sensor changes. However, for our purposes,
this change is not problematic.

The dielectric constants, €, of the materials under consideration are all well
known. Fresh water has an ¢, = 88 (at 0°C) and n,, = 9.4. Solid, bubble-free,
fresh water ice has an €; =3.17 and n ; = 1.78 (Ray 1972). There is a wide range
of deicing agents (all of proprietary formulation) with an &, and n, that, depend-
ing on the solution, are less than that of water. The bulk dielectric constant of a
mixture of these components is a function of the dielectric constant of the mate-
rials and their volume fractions (Ulaby et al. 1986). Here, for example, a first-
order linear mixing formula is used to relate the volume fractions of ice, V;, and
water, Vy, and their respective dielectric constants to estimate the bulk dielectric
of the mixture, €,:

& = Vw£w+ Visi = Vw8w+ (1 - Vw) €. (6)

In the case of an ice/water mix, the bulk dielectric (and consequently the bulk
index of refraction) of the mixture will be less than that of liquid water alone.
Similar conditions apply for a deicing agent/water mix.

If ice accretes on and around the transmission line, the bulk dielectric con-
stant of the volume immediately surrounding the line decreases and the propaga-
tion velocity along the transmission line increases. The sensor round-trip travel
time is inversely proportional to the increase in velocity. It is this decrease in
round-trip travel time that is measurable by the TDR (or FM—CW reflectometer),
and it can be used to indicate the absence, presence, or buildup of ice on the
instrumented airframe member.

For a transmission line with two parallel wires, changes in the dielectric
media in the immediate surrounding region will cause a change in the velocity
of propagation. Baker and Lascano (1989) describe and map this region as an
elliptic or quasi-rectangular area surrounding probes submerged in water. By use
of the technique described in Knight (1992), the dimension of the region of sensi-
tivity about the parallel transmission line can be estimated for a given cumulative
radial energy distribution, P(p, ), bounded by a region of radius, r, surrounding
the parallel transmission line.
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111[(;)2 +1-B2)/(p® —1+32)}

P(p,B)=1- p21+B (7
P 2111[[3-' +J[3-2—1J
where
p=r/d
B= b/d

b = radius of the transmission line conductors
d = one-half of the center-to-center distance between the conductors

r = radius of the region of sensitivity around the conductor pair.
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2 APPROACH

Glycol concentration and freezing point determination

We prepared solutions of Octaflow (a commercial, Type 1, propylene glycol-
based deicing fluid) to concentrations within the manufacturer’s specified range
for deicing application, and also prepared solutions of MaxFlight (a commercial
propylene glycol-based anti-icing fluid) to concentrations within the manufac-
turer’s specified application range. Refractometer measurements of concentration
were made and recorded along with the calculated freezing points for glycol/
water solutions (Table 1).

Table 1. Prepared deicing and anti-icing solutions by percent volume.*

Volumetric Refractometer Freezing
Product prepared solution | measured solution point

Deicing (Octaflow) 30% 30% -9.8°C

" 40% 38% -14.8°C

" 50% 50% -21.5°C

" 60% 56% -30.0°C

Anti-icing (MaxFlight) 50% 50% -21.5°C

" 75% 67% -58.0°C
" 100% 100% > -58.0°C
* Freezing point temperatures are calculated from the refractometer measured solution

percentages.

Dielectric constant for glycol deicing and anti-icing solutions

We measured the broadband (100 MHz to 1.3 GHz) complex dielectric (¢’ is
the real component and €” the imaginary) constants of the anti-icing and deicing
fluids in their industry-recommended concentrations using a network analyzer
and a liquid dielectric test probe. Dielectric measurements were made with an
Agilent 8712ET RF Network Analyzer and Agilent 85070B Dielectric Probe Kit
and associated dielectric calculating software. This measurement was necessary
to confirm that there would be sufficient dielectric contrast at a boundary con-
sisting of deicing fluid (primarily a glycol-water solution) and ice. We also
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measured the dielectric of liquid water at room temperature over the same
frequency range.

Single-component TDR testing

For homogenous, single solution, or single-phase measurements, we used a
2.44-m-long horizontal trough fabricated from a longitudinally split 7.62-cm-i.d.
PVC pipe. The trough was terminated at both ends by a PVC pipe end cap. Two
small holes were drilled in each end cap near the bottom of the trough, permitting
the insertion of #22 bare, tinned copper wire, forming a transmission line path.
The two parallel solid conductor #22 wires were spaced 5 mm apart and 1 mm
from the bottom of the trough. Once the wires were inserted through the end
caps, the holes were sealed with silicon caulk. One end of the pair wires was
connected to screw terminals, permitting connection to a Tektronix 1503C TDR
via a 1-m length of RG-58 coaxial cable. The other end of each wire was also
connected, under tension, to another pair of screw terminals, electrically termi-
nated as an open circuit (Fig. 6).

Figure 6. Two troughs in coldroom used for single-component TDR tests.
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For all experiments, the TDR was set to generate 2-ns pulses into a 50-Q
load. For noise filtering, the TDR was set to average 16 waveforms. The hori-
zontal scaling of the TDR was set to collect data from the complete length of
the test fixture. The TDR data output consisted of a vector of 251 8-bit values
representing the reflection waveform. Connection from a serial port on the TDR
to a laptop computer enabled acquisition of the waveforms and storage of the
data in a spreadsheet format for later analysis. Several single-component tests
using the trough were performed (Table 2).

Table 2. Single-component trough tests.

Test Temperature Notes
Dry trough +20°C Baseline test of apparatus, dry
Water-filled trough +20°C Baseline test of apparatus, wet

Monitored freezing process every
Water-filled trough -9.5°C 15 minutes until fully frozen

Monitored thawing process every
Ice-filled trough +20°C 15 minutes until fully thawed

Initially, a dry trough was subjected to TDR testing to obtain a set of baseline
data. Subsequent testing required the filling of the trough with a sufficient quan-
tity of water, deicing fluid, or anti-icing fluid to slightly cover the entire parallel
transmission line sensor. The trough, with water, was placed in a 15°F (-9.5°C)
coldroom until it froze. The TDR response was monitored and recorded every 15
minutes during the time required for the fluid to reach ambient temperature and
fully freeze (in the case of water). Conversely, the trough was removed from the
coldroom and permitted to thaw completely. During that event the TDR response
was monitored and recorded every 15 minutes until the trough contained only
liquid water.

Two-component TDR testing

For testing of boundary conditions between two states (e.g., frozen and
liquid) and two materials (e.g., ice and liquid deicing solution), a vertical tube
assembly was fabricated (Fig. 7). This permitted the freezing of water in the
lower portion of the tube, clearly defining one component of the boundary
condition.

The vertical tube was fabricated from a 5-ft (1.5-m) length of 6.5-mm-thick
walled, rigid, clear acrylic tube with an inner diameter of 3.2 cm. Two parallel
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uninsulated solid conductor #22 wires were spaced 5 mm apart and located in the
center of the acrylic tube. The wires were terminated, under tension, on the top
and bottom ends of the tube to screw terminals. The bottom termination was an
electrical open circuit. Holes drilled in the bottom end cap of the tube were
sealed with silicon caulk. The terminals on the top of the tube permitted con-
nection to a Tektronix 1503C TDR via a 1-m length of RG-58 coaxial cable.

Initially this tube was tested with a single component (e.g., air, water, deicing
solution, anti-icing solution) to obtain a baseline set of readings (Table 3). Sub-
sequently, the tube was half-filled with water and permitted to freeze. This pro-
vided one component of a boundary condition for interface testing of ice/air,
ice/liquid water, and ice/deicing fluid (Table 3), the second component being
above the frozen water.

ANt

Figure 7. Tube assembly for two-component boundary measurement using
TDR.
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Table 3. Tube tests with one and two components.

Test Temperature Notes
Dry tube +20°C Baseline test of apparatus, dry
Water-filled tube +20°C Baseline test of apparatus, wet
Monitored freezing process every
Water-filled tube -9.5°C 15 minutes until fully frozen
Deicing solution
(Octaflow) +20°C 30% by volume solution

" +20°C 40% by volume solution

" +20°C 50% by volume solution

" +20°C 60% by volume solution

" -9.5°C 30% by volume solution

" -9.5°C 30% by volume solution

" -9.5°C 40% by volume solution

" -9.5°C 50% by volume solution
Anti-icing solution

(MaxFlight) +20°C 50% by volume solution

" +20°C 75% by volume solution

" +20°C 100% by volume solution

" -9.5°C 50% by volume solution

" -9.5°C 75% by volume solution

" -9.5°C 100% by volume solution

Wing icing tests using TDR

We performed TDR-based, temperature-regulated, coldroom studies of liquid
water/ice/mixed phase/deicing fluid components on an airframe structure, making
periodic measurements and observations throughout a complete freezing or
thawing cycle of the solutions under test (Table 4). For these tests we used a
3-m section of a composite Black Hawk helicopter blade (Fig. 8). A longitudinal
section along the blade was selected for testing. Since the blade has a convex
shape, it was necessary to build a barrier that would contain liquid and permit the
formation of ice within a confined region surrounding the TDR sensor transmis-
sion line wires. The barrier was constructed from strips of self-adhesive closed
cell foam placed longitudinally over the Nomex core of the blade, aft of the spar
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(Fig. 9). Ice and fluids were separated by a closed-foam dam located in the
longitudinal center of the reservoir (Fig. 9). Here, instead of using two bare
parallel copper wires for the transmission line, we resorted to the use of a parallel
pair of ribbon cable (the type of cable used for computer component interconnec-
tion). The wires were approximately 1 mm apart, and the parallel pair was affixed
to the wing using a thin layer of flexible rubber adhesive (Fig. 9). The end of the
cable was connected to a Tektronix 1503C TDR via a parallel line to BNC
adapter and a 1-m-long RG-58 cable.

Table 4. Black Hawk rotor tests.
Test Temperature Notes
Dry +20°C Baseline test of apparatus, dry
Water +20°C Baseline test of apparatus, wet
Ice -9.5°C Baseline test of apparatus, frozen
Ice/air -9.5°C
Ice/water -9.5°C
Ice/deicing
(Octaflow) -9.5°C 30% by volume solution
" -9.5°C 40% by volume solution
" -9.5°C 50% by volume solution
" -9.5°C 60% by volume solution
Ice/anti-icing
(MaxFlight) -9.5°C 50% by volume solution
" -9.5°C 75% by volume solution
" -9.5°C 100% by volume solution
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Figure 8. Black Hawk helicopter blade used in icing tests. Finger points to
closed foam dam in middle of reservoir.

.
s - LN AR

Figure 9. Detail of helicopter blade section showing TDR sensor wiring
details. Note location of reservoir over Nomex core of blade aft of spar.
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3 RESULTS

Dielectric constant for glycol deicing and anti-icing solutions

Values for the complex dielectric constant of both of the glycol-based
solutions were as expected for glycol-based solutions (Fig. 10 and 11). In each
test a water sample at 20°C was also tested as a control and for comparison. The
water always yielded an €' of approximately 80 and a frequency-dependent €” in
the range of 0 to 5. For both glycol solutions the value of €’ increased with the
increase of the volume fraction of water in the solution, increasing toward the
limit of €' for water. In all cases the €” component of the glycol solutions was
substantially greater than that of water; the greater the volume fraction of water
in the solution, the less the loss.
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Figure 10. Broadband (100 MHz to 1.3 GHz) complex dielectric constant of
water and series of glycol-based deicing solutions.
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Figure 10 (cont'd). Broadband (100 MHz to 1.3 GHz) complex dielectric
constant of water and series of glycol-based deicing solutions.
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Figure 11. Broadband (100 MHz to 1.3 GHz) complex dielectric constant of
water and series of glycol-based anti-icing solutions.
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Figure 12. Electrical length of TDR sensor immersed in water while under-
going freezing process.
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Single-component TDR testing

These tests were used to confirm that the TDR system would indicate the
change in bulk dielectric constant of the contents of the test trough as a state
change (i.e., freezing or thawing) occurred. Figure 12 shows the shortening of the
electrical length of the trough due to the increasing bulk dielectric constant of the
contained water as it froze and changed from an €’ of 80 to an €’ of 3.12.

From this changing electrical length and the known parameters of the physi-
cal length of the transmission line in the trough, and the dielectric constants for
water and ice, the temporal volumetric percent of ice and water distributed in the
trough was calculated (Fig. 13).
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Figure 13. Calculated volume fractions of water and ice during TDR mea-
surements of freezing water.

Two-component TDR testing

Figure 14 shows a comparison of three TDR responses for different two-
component interfaces: air/ice, water/ice, and deicing solution/ice in the column.
The air/ice TDR waveform shows, from left to right, the start-of-sensor reflec-
tion, an air/ice transition, and an end-of-ice reflection pulse. For this case and
all subsequent cases, the start-of-sensor reflection pulse is due to the change in
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electrical impedance (mismatch) from the 50-€2 coaxial cable to the parallel
transmission line sensor. The magnitude of this pulse is a function of the degree
of impedance mismatch at this boundary; the greater the mismatch, the greater
the pulse magnitude. The next feature of interest in the air/ice waveform is the
inflection point indicating the point of the air/ice transition. Instead of seeing a
separate reflection pulse, we see here the effect of two spatially close reflection
events: the interference of the start-of-sensor pulse with the air/ice reflection
pulse. If there were greater physical (or electrical) distance between these
adjacent events, two discrete pulses would be apparent.
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Figure 14. Typical TDR waveforms for several two-component TDR tests.
Shown are the waveforms for an air/ice, waterl/ice, and 40% deicing
solution/ice boundaries.

In the case of the water/ice test, shown in Figure 14, from left to right there
are three distinct TDR boundary reflection pulses. The first results from the start-
of-sensor impedance mismatch boundary. The second is due to the reflection at
the water/ice boundary. The third pulse results from end-of-probe reflection. The
water/ice boundary reflection pulse is displaced to the right as expected, propor-
tional to the index of reflection of water and the physical distance between the
subsequent water/ice boundary. Similarly, the ice-covered section of the probe
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between the water/ice boundary and the end-of-sensor pulse for this waveform
is consistent with the length of the transmission line embedded in ice.

The third TDR waveform on this graph illustrates a boundary condition
between the anti-icing fluid (Octaflow) and ice. Starting from the left, the start-
of-sensor waveform is distinct. The transition reflection between the anti-icing
solution and the ice is nearly indeterminate as shown in Figure 14 between the
two arrows. This indeterminate pulse response is most likely due to the mixing
effect resulting at the anti-icing/ice boundary as the anti-icing agent melts the
adjacent ice and creates a solution gradient boundary rather than a discrete
boundary. A TDR pulse best reflects from a clearly defined, contrasting dielectric
boundary. For a boundary that is formed as a gradient (or solution taper) between
two contrasting dielectrics, minimal reflection occurs. This condition is analo-
gous to the use of matching networks in electrical circuits to couple two different
impedances. The subsequent, and distinct, end-of-sensor reflection pulse is
shifted to the left, as compared with the water/ice waveform on the same figure.
This result is expected as the 40% by volume anti-icing solution of Octaflow has
a lower dielectric constant than that of water alone.
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Figure 15. Helicopter blade tests showing TDR waveforms for ice/air and
ice/water boundary conditions.
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Wing icing tests using TDR

TDR reflection pulse responses were clearly visible at the start-of-sensor, at
TDR interconnection between the instrumentation 50-Q coaxial cable, and the
wing-mounted sensor transmission line (Fig. 15). Distinct ice/air and ice/water
reflection pulses are also evident along with clearly delineated end-of-sensor
reflection pulses. While all expected reflection pulses are clearly visible, the
electrical lengths do not agree with what would be expected from a transmission
line surrounded by the dielectric materials under test (i.e., air, ice, water). It
appears that the effect of the insulation on the sensor wire and the contact with
the composite surface of the helicopter blade have a significant overriding effect.

The sensor cable affixed to the helicopter wing was approximately 3 m long.
Half of the length, 1.5 m, was covered by a layer of ice. In the ideal situation, a
1.5-m length of transmission line encased in ice with €' = 3.12 should indicate an
electrical length of 2.67 m. Here, we measured an electrical length of approxi-
mately 6 m, resulting in a value of €’ = 16.0. Similarly for the air portion of the
TDR trace, the physical length of the transmission line exposed to air should
exhibit an electrical length of approximately 1.5 m. Here the electrical length is
indicated as 4.8 m, translating into an €' = 10.24. In the case of the TDR wave-
form with the 1.5-m section covered with water, an electrical length of 5.7 m was
observed, translating into an €' = 14.5. Clearly, the values of the dielectric con-
stant for ice and water as calculated from the known physical length and the
measured electrical length of the transmission line sections do not match the
known dielectric constants for ice (€' = 3.12), air (¢’ = 1), and water (¢’ = 80).

The wire insulation and effects of the underlying composite material struc-
ture of the helicopter blade appear to significantly bias the TDR readings. This is
supported by the sensitivity measurements as conducted by Baker and Lascano
(1989) and Knight (1992). They confirm that a TDR parallel transmission line’s
greatest sensitivity is directly between, and in immediate proximity to, the two
transmission line wires. Sensitivity drops sharply with increasing distance.

Similar results occurred during anti-icing fluid measurements tests. The
effect of the dielectric of the sensor wire insulation and the wing’s proximity
to the sensor was evident. Again, dielectric values as measured with a network
analyzer do not agree with values inferred from these TDR tests (Fig. 14 and 15).
While the network analyzer indicated dielectric values in the range of approxi-
mately 50 to 70, dielectric values in the range of 3 to 5 were calculated from
the data shown in Figures 16 and 17. Here, various concentration solutions of
deicing and anti-icing fluids were permitted to gradually warm to room tem-
perature (~25°C) after having cold-soaked for several hours at —10°C. A slight
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change in electrical length is seen in all cases as the glycol solutions warm over a
time period of three hours.
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Figure 16. Electrical length vs. time for warming of several concentrations

of a glycol-based deicing solution applied to a 3-m section of Black Hawk
helicopter rotor blade.
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Figure 17. Electrical length vs. time for warming of several concentrations

of a glycol-based anti-icing solution applied to a 3-m section of Black Hawk
helicopter rotor blade.
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4 CONCLUSIONS

The boundary between ice and air or ice and water was distinct and discern-
able in the TDR traces.

The boundaries between ice and an adjacent deicing (or anti-icing) solution
were less distinct and difficult to discern with the TDR. We speculate that this
was most likely due to the action of the deicer creating a mixed phase zone
(varying solution of ice, water, and deicer), a dielectric gradient at the boundary.

In a laboratory environment we were able to detect single air/ice, water/ice,
and glycol/ice interfaces along relatively short (1- to 2-m-) structures. However,
because of the high electrical loss of glycol-based deicers and the potential com-
plexity of ice formations (with a multiplicity of phase and solution boundaries)
on long (several meters to tens of meters) wing/blade structures in a natural
environment, TDR as configured in these experiments may be impractical for
operational use.

The lower electrical losses exhibited by water (relative to those of glycol
solutions) would not as greatly inhibit the use of TDR in ice/water boundary
detection on longer sensor elements than used in the laboratory. However, in
natural environments, the spatial variability and physical scale of multiple
adjacent phase boundaries (air/ice, water/ice, etc.) will most likely be spatially
random and frequently scaled below the resolution capability of a practically
implementable TDR pulse width. If the variability is below pulse width spatial
scale, then it would be difficult to decipher TDR waveforms and spatial boundary
conditions.

While the resolution of multiple and closely spaced boundary transitions may
be difficult to resolve with TDR, a pulse-based transmission line system, either
based on TDR or on transmitted/reflected power, may have potential to deter-
mine the bulk or integrated dry/wet/iced/deicing or anti-icing fluid state of an
aircraft wing, rotor, or airframe component.

In both the trough- and tube-based tests, the TDR sensor transmission line
conductors were bare (uninsulated) wires that were fully suspended in either air,
water, or an anti-icing or deicing solution. Here, the effect of the dielectric
materials under test were fully experienced by the sensor. For the helicopter
blade-mounted tests the TDR sensor transmission line was fabricated from an
insulated “ribbon cable” pair and affixed directly to the blade surface. We believe
that both the wire insulation and the contact with the helicopter blade affected the
ability of the TDR to accurately sense and measure the dielectric of the overlying
ice, water, or glycol solutions. The wire insulation, a dielectric material, partially
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filled the volume of sensitivity as defined in equation 7. Similarly, the sensor
wires in contact with the helicopter blade permitted only half of the cylindrical
volume around the sensor wires to come in contact with the ice, water, or glycol
solutions. The other half-cylindrical portion of the volume was affected by the
dielectric properties of the composite wing structure. This configuration modified
the bulk dielectric measured and the sensitivity of the TDR to changes in the
dielectric of the overlying ice, water, or dielectric solutions. This is supported

by the sensitivity measurements as conducted by Baker and Lascano (1989) and
Knight (1992). A more effective wing surface TDR wire sensor would be helpful
for any future experiments. Appropriate modifications to the sensor would in-
crease the exposure of the parallel transmission line to the surrounding air, water,
ice, and glycol environment and would minimize the effects of other adjacent
dielectric materials.
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5 FUTURE WORK

We are continuing to explore and refine the use of electromagnetic and
optical techniques to obtain in-situ or contact-based (as opposed to remotely
sensed) bulk (integrated) and spatial indication of wing icing conditions.
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