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A B S T R A C T

New Researches have been done recently in order to create and adapt new systems to the recent Appendix O
FAR 25 Aeronautical aircraft icing regulations. One important issue are the Supercooled Large Droplets (SLD)
that are an important hazard in many cases. Novel sensor technologies for aircraft are being developed in
order to assess the ice severity and to discriminate between large size droplets and small size droplets ice
accretions.

The European SENS4ICE project gives founding for the research and development of several aeronautical ice
detection systems that can discriminate between Appendix C and Appendix O conditions. In the present paper,
the strengths and weaknesses of the Fiber Optic ice Detector (FOD) developed by INTA are discussed using a
test matrix from the Canadian National Research Council (NRC). The FOD has presented good performance at
the NRC ice wind tunnel tests in the ice detection time, detecting ice in most cases earlier than required by the
actual standard (ED-103). Its lightness, low intrusiveness and small size, makes the FOD ideal for aeronautical
applications. It measures indirectly the icing cloud characteristics, such as the liquid water content (LWC) and
the ice accretion rate, so only an approximate severity assessment could be done.
1. Introduction

Several studies have treated the problem of ice in aircraft and the
hazard that it represents. Many of them evaluated icing repercussions
to the aircraft aerodynamic performance [1] and its effect to the aircraft
efficiency and safety. The consequences of icing can be either an
increase in energy consumption or a decrease in the operational safety.
In order to ensure operational safety, an aircraft must be protected
against a certain icing conditions envelope which is defined in the
U.S. regulations 14 CFR Part 25 Appendix C [2] and Appendix O [3].
Appendix C indicate the probable maximum Liquid Water Content over
a certain distance. In this Appendix, the Supercooled Large Droplets
problem is not treated and it is only focused in small size droplets.

The Ice Protection System (IPS) should be activated only when ice
accretion is produced in order to minimize energy consumption. It is
important to have feasible Icing detection systems, that detect ice with
a high accuracy and certainty in order to activate IPS only when it is
necessary without compromising the operational safety [4].

In the past years one of the most important issues to be solved
are the Supercooled Large Droplet (SLD) conditions. New regulations
were introduced in 2014, in concrete appendix O in FAR 25 and CS-25.
Appendix O add some requirements to the Ice Protection Systems, so
the aircraft will be protected against Supercooled Large Droplets. When
there are SLD conditions, the large droplets impinges more surface so
ice is accreted in larger areas downstream the leading edge, so an
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adaptation to the normative is mandatory [5]. The regulation provides
of an envelop in which the SLD conditions, Freezing Rain or Freezing
Drizzle are more probable.

The new regulations need novel methods for the detection and
protection of aerodynamic surfaces. For the adaptation of the new
detection systems, several standards [6,7] that provide of certain re-
quirements like Liquid Water Content or MVD measurement precision,
detection time and so on were created. In concrete, EUROCAE ED-
103, provides of a quite detailed guide of the current necessities in
Ice Detection and interrogation. There are several topics like Detection
parameters, Icing Wind Tunnel tests, Flight tests or Icing performance
tests that are exposed in the standard. One of the main characteristics of
EUROCAE ED-103 are its strict requirements for the detection, having
to detect low Liquid Water Contents of 0,05 g/m3 in short times with
very high measurement accuracy.

Those requirements cannot be satisfied by a single sensor. Fur-
thermore, not only detection performance parameters are taken into
account, other variables like size, weight, airflow invasion or robust-
ness should be taken into consideration in a Primary Icing Detection
System [6]. Additionally, sensors should satisfy other requirements in
order to operate in an aircraft like altitude pressure, temperature, hu-
midity, shock, vibration, abrasion, dust and so on. All those conditions
and standardized tests are compiled in RTCA DO-160G [8] and in
ED-103 as well.
vailable online 11 August 2022
924-4247/© 2022 The Authors. Published by Elsevier B.V. This is an open access a

https://doi.org/10.1016/j.sna.2022.113778
Received 11 May 2022; Received in revised form 21 July 2022; Accepted 22 July 2
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

022

http://www.journals.elsevier.com/sensors-and-actuators-a-physical
http://www.journals.elsevier.com/sensors-and-actuators-a-physical
mailto:gonzalezvm@inta.es
https://doi.org/10.1016/j.sna.2022.113778
https://doi.org/10.1016/j.sna.2022.113778
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2022.113778&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Sensors and Actuators: A. Physical 346 (2022) 113778M. Gonzalez and M. Frövel

i
p
c
c
b

p
i
t
G
g
c
w
c
f
t
v

p
e
r

There are many sensors with different operational principles Jack-
son and Goldberg [9], that can be applied to sense ice accretion or
certain atmospheric conditions. In the SENS4ICE project frame, there
are two types of FIDS, atmospheric or ice accretion sensors, which de-
tect cloud conditions or ice thickness growing respectively. All sensors
have certain advantages and disadvantages in its performance and its
compatibility with the rest of the aircraft equipment. For safety issues,
sensors must provide as much information as possible so a severity
assessment could be made. Depending on the external detected condi-
tions, different actions like IPS activation or route modification could
be made. Optic Fiber sensors should be compared with sensors that
operate with other sensor principles like pneumatic, magnetostrictive,
piezostrictive, ultrasonic, dielectric, acoustic or microwave [10–13].

One of the detection principles gathered in [9] are the latent energy
based sensors. Latent energy based sensors, detect the latent energy
released by the supercooled water when it freezes and interpret the
change in the heat flux on the surface as ice. Among the latent energy
based sensors there are some sensors that detect a temperature differ-
ence between a reference and another temperature sensor [14], sensors
that measure the heat required for heating a surface or wire [15],
and sensors that measure the temperature heating curve of a heated
wire (second type described in Jackson and Goldberg [9]). The optic
fiber sensor developed by INTA [16,17] detects the surface temperature
distribution and makes an assessment of the icing conditions.

There are many advantages of using an Optic Fiber Icing Detection
system like lightness, non-susceptibility to electromagnetic interference
or small size. This makes the optical fiber a powerful tool for ice
detection. Many optic fiber sensors were created for FIDS like light scat-
tering, photonic, fiber optic switch [18–20]. Additionally, Optic fibers
could be used as a support in other sensors in which the temperature
is a critical parameter, like Surface Acoustic Waves sensors.

2. Materials and methods

2.1. Fiber Bragg grating as a temperature sensor

Firstly, it is important to describe briefly all the components in-
volved in the tests. One of them is the Fiber Bragg Grating Sensors
(FBGSs) from the company FBGS INTERNATIONAL, manufactured with
the Draw Tower process [21]. For a more detailed description Ref. [16]
is recommended. The FBGS optic fiber sensors use the principle of
Bragg reflection in a specific broadband that depends on magnitudes
like temperature or strain. Eq. (1) shows a relationship between wave-
length, temperature, strain (𝜀), refractive index (𝑛) and grating period
(𝛬) [22]:

𝜆𝐵(𝜀, 𝑇 ) = 2𝑛(𝑇 )𝛬(𝑇 , 𝜀) (1)

In order to isolate the FBGS from strains (𝜀), the optic fiber was
ntroduced in a capillary, so Eq. (1) can be simplified as a third degree
olynomial function 𝑇 (𝜆𝐵) = 𝑎𝜆3𝐵 + 𝑏𝜆2𝐵 + 𝑐𝜆𝐵 + 𝑑 [22,23]. For the
alibration, the instrumented airfoil was introduced in the temperature
alibrator and three cycles with five temperature steps were applied
etween 20 ◦C and -30 ◦C.

As previously mentioned, for isolation reasons and to avoid any
arasitic strain, the optic fiber is located in a freely movable manner
nside a polyimide capillary. There is a gap between the fiber and
he capillary, so all the external loads are supported by the capillary.
ratings are separated one centimeter each other and the width of the
ratings is of approximately of 8 mm. The spectral response of the fiber
an be seen in Fig. 1. The spectral response of the lower surface is
eaker than the spectral response of the upper surface, but all peaks

an be detected without problems. Both responses were represented
or different temperatures, 22 ◦C and -15 ◦C. The spectrum peaks, and
he scattered wavelengths have a displacement due to the temperature
ariations as it is indicated in Eq. (1).

The gratings are located along the airfoil chord, so the temperature
rofile could be measured easily. Horizontal positions from the leading
dge of all the temperature sensors detailed in Table 1. In Fig. 2 is
2

epresented how the sensors are placed in the airfoil surface.
Fig. 1. Spectral response of the sensor for two different temperatures.

Table 1
Chordwise distance of each sensor
from the leading edge.
Sensor x (mm)

FBG15 0
FBG14 3
FBG13 10
FBG12 18
FBG11 27
FBG10 35
FBG9 46
FBG8 56

Fig. 2. Sensor Positions.

2.2. Tests descriptions

The sensor was tested in the NRC IWT, with the protocol defined by
the SENS4ICE project. The testing protocol was based on the EUROCAE
ED-103 standard. Conditions in CS-25 Appendix O and C were tested
in order to see the sensor performance. The test procedure for both
conditions is the following:

1. Start the data recording
2. Record data for 1 min in clear air
3. Start the icing cloud
4. Once an icing signal is detected, run for one minute
5. Stop the icing cloud

In the procedure, there is an aerodynamic conditions stabilization
before the data recording and fogging. Some conditions were repeated
because they were of special interest in order to be compared with
other Icing Wind Tunnel results. It has been considered important to do
more than one cycle of icing clouds in order to know how an ice layer
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Table 2
Conditions tested in NRC: Liquid Water Content, Median Volume Diameter, Static Temperature, Airspeed, and type of the droplet
population (Condition) are indicated for all tests.

Case Condition Airspeed Static MVD LWC Case Condition Airspeed Static MVD LWC
[m/s] [◦ C] [μm] [g/m3] [m/s] [◦ C] [μm] [g/m3]

1 LW-C CM 40,1 −20 15 0,3 19 LW-C IM 84,9 −3,5 35 1
2 LW-C CM 40,1 −10 20 0,42 20 unimodal 76,1 −17,7 163,5 0,82
3 LW-C CM 84,9 −10 23 0,34 21 unimodal 40,1 −17,7 122 0,46
4 LW-C CM 40,1 0 23 0,54 22 LW-FZDZ 79,7 −20 106 0,4
5 LW-C CM 84,9 −20 30 0,11 23 LW-FZDZ 79,7 −25 20 0,29
6 LW-C CM 84,9 −10 40 0,1 24 LW-FZDZ 84,9 −15 20 0,35
7 LW-C CM 84,9 −10 35 0,15 25 LW-FZDZ 84,9 −10 20 0,38
8 LW-C CM 84,9 −30 35 0,05 26 LW-FZDZ 84,9 −3,5 20 0,42
9 LW-C CM 84,9 −3,5 30 0,35 27 LW-FZDZ 84,9 −25 20 0,15
10 LW-C IM 40,1 −20 22 1,5 28 LW-FZDZ 84,9 −15 20 0,18
11 LW-C IM 40,1 −10 28 1,2 29 LW-FZDZ 84,9 −10 20 0,2
12 LW-C IM 84,9 −20 23 1,3 30 LW-FZDZ 84,9 −3,5 20 0,21
13 LW-C IM 40,1 −20 42 0,3 31 LW-FZDZ 84,9 −25 110 0,18
14 LW-C IM 84,9 −20 20 1,75 32 LW-FZDZ 84,9 −15 110 0,22
15 LW-C IM 84,9 −10 20 2,25 33 LW-FZDZ 84,9 −10 110 0,23
16 LW-C IM 84,9 −10 20 0,5 34 LW-FZDZ 84,9 −3,5 110 0,26
17 LW-C IM 84,9 −20 31 0,75 35 unimodal 84,9 −10 180 0,25
18 LW-C IM 84,9 0 20 2,5 36 unimodal 84,9 −10 220 0,25
accreted in the surface affects to the detection. The icing cycle duration
was of two minutes in order to check if there are any false negatives
during the ice accretion. The FIDS has to detect the icing cloud ending
before a certain time that is according to SAE AS5498 of 3 min . The ice
off signal detection time could be important in an operational context
due to the cost savings in Ice Protection Systems.

Test conditions are gathered in Table 2. Those conditions, were
carefully chosen in order to evaluate the performance of the different
SENS4ICE sensors. Each condition is critical and it is tested in order to
corroborate if a certain sensor can be operative in FAR 25 Appendix
C and O conditions limits envelope. The table shows conditions that
have different restrictions like Liquid Water Content (case 8 for low
water content and case 18 high water content), temperatures (test case
18 for high temperatures or for low temperatures case 18) or airspeed
(40 m/s or 85 m/s). There are conditions that represent all the cases
in FAR 25 Appendix C Continuous maximum (CM) and Intermittent
Maximum (IM) and Appendix O Freezing Drizzle (FZDZ). Normally, the
Large Droplet populations should show a bimodal distribution, having a
ratio of small droplets. In some tests, instead of a bimodal, the droplet
distribution is unimodal, being the majority of the droplets large. In
those cases the effect of the droplet size in the ice accretion is more
accentuated.

The testing procedure could be seen in Fig. 3 were is represented
the fiber temperatures of the airfoil along the chord. It can be seen
that the farther the sensor is from the leading edge, the lower is the
temperature step. This is because there are more supercooled droplets
impacting the area close to the leading edge and because during ice
accretion, the air is more turbulent in the back part of the airfoil,
and the turbulence increases the convection loss. The sensor should
detect ice formation before a certain response time. The response time
is function of a maximum allowable ice thickness 𝜏 which is normally
0.3 mm, the collection efficiency in the stagnation point 𝛽, the Liquid
Water Content 𝐿𝑊 𝐶 and the freezing fraction 𝜂, and the time 𝑡:

𝜏 = 𝑡
𝜌

𝛽0𝐿𝑊 𝐶𝑉 𝜂
(2)

In EUROCAE ED-103, there is a detailed guide of the sensor perfor-
mance characteristics that should be evaluated. In first place, according
to that standard, is important to detect (interrogate) Liquid Water
presence for LWC higher than 0.05 g/m3. When Ice is detected, the
FIDS should discriminate and show to the crew if the aircraft is flying
in Appendix C or Appendix O conditions. If it is flying in Appendix
O conditions, for safety reasons, it is important that the FIDS can
discriminate between Drizzle and Rain, giving a warning to the crew.
The standard recommend to detect some additional parameters that can
give information of the severity like LWC, MVD or Ice Accretion Rate
3

(or other like ice thickness or maximum droplet diameter).
Fig. 3. Test temperature profile example.

2.3. Detection methodologies

As it can be seen in Fig. 3 and in Ref. [16], there is a temperature
step in the sensor signal which depends on the grating position. This
temperature step is caused by a new energetic equilibrium produced
by the Liquid Water impacting the airfoil surface. Several methods
could be used in order to detect ice presence. Firstly, a method could
consist on measuring the temperature difference between a detection
grating, which is exposed to Liquid Water, and a reference grating,
which is not. This method is used in several systems for LWC and TWC
measurements like Nevzorov probe [15] or other hot wire probes. In
this case, this kind of detection principle is not sufficiently accurate
for ice detection in the airfoil, because there are many false positives
caused by surface heterogeneities along the surface when there are
changes in the airspeed or in the total temperature.

The nature of the signal temperature rising when an icing event
occur is abrupt, so this fact could be used for ice detection. One variable
that is useful to detect the abruptness of the icing signal is the temporal
first derivative of the temperature difference between a detection sen-
sor and a reference sensor FBG8(see Fig. 4). The temperature signal is
quite noisy so a previous signal filtering should be applied, and then the
temporal derivative is calculated through finite differences. There are
many filters which can be useful, but Savitzky–Golay filtering [24] was
applied due to its simplicity. Once the first derivative is calculated, ice
detection occurs when the temperature first temporal derivative is over
a certain threshold. The problem of this method is the computational
cost of the filtering and later derivative calculation.
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Fig. 4. Temperature temporal first derivative Example.

2.4. Discrete wavelet transform

Other Filtering and Ice Accretion Detection method could be using
Discrete Wavelet Transforms. The Discrete Wavelet Transform is used
in several applications like Image processing or data extraction. In fiber
sensing has been used a lot for FBGs and interferometric sensors [25].
In this case it could be very useful because the signal can be filtered
and the abrupt changes can be detected directly.

When a wavelet transform is applied a signal is mapped with a
function that depends on scaling (𝑎) and shift (𝑏) parameters. That
mapping signal is defined by a kernel function (Eq. (3)). All kernel
functions have in common that have its maximum in 𝜓(0) and is null in
lim𝑥→±∞ 𝜓(𝑥). For this reason, Wavelets can be very useful for detecting
and categorizing transitory events in the signal. There are several types
of wavelets that could be used like Daubechies, Biorthogonal, Coiflets,
Mexican Hat, and so on. In this work the Haar function has been used
due to its simplicity and usefulness.

𝜓𝑎𝑏(𝑡) =
1
√

𝑎
𝜓
( 𝑡 − 𝑏

𝑎

)

(3)

In the case of DWT, normally another parameters different than the
previous 𝑎 and 𝑏 are used. Applying the procedure for continuous-time
analog signals in Ref. [26], and considering 𝑎0 = 𝑎−𝑚 and 𝑏0 = 𝑏(𝑛𝑎)−1,
the discrete wavelet transform basis, 𝑚 the level and 𝑛 an index that
designates the wavelet:

{𝜓𝑚𝑛} = 𝑎−𝑚∕20 𝜓(𝑎−𝑚0 𝑡 − 𝑛𝑏0) (4)

The treated function, in this case the temperature difference be-
tween the detection and reference grating 𝛥𝑇 , could be expressed as the
superposition of the kernel function of Eq. (4) and the DWT coefficients
𝑑𝑚,𝑛:

𝛥𝑇 =
∞
∑

𝑚=0

∞
∑

𝑛=−∞
𝑑𝑚,𝑛𝜓𝑚𝑛 (5)

The wavelets coefficient 𝑑𝑚,𝑛 gives information of certain events
in the signal. In this case, the scaling parameter 𝑎, represents how
abrupt is the change of the signal and the shift parameter 𝑏 represents
the moment when it happens. Those parameters are discretize with
the natural numbers n and m. The signal would be, the sum of the
contribution of all the wavelets and its coefficient. When an abrupt
event happens in the signal, the coefficient in that moment has a higher
absolute value for a specific scale factor. The coefficients are calculated
through a convolution:

𝑑𝑚,𝑛 = 𝑎−𝑚∕2
+∞

𝑓 (𝑡)𝜓(𝑎−𝑚𝑡 − 𝑛𝑏0)𝑑𝑡 (6)
4

0 ∫−∞ 0
The advantage of the Haar kernel function 𝜓(𝑡) is its simplicity,
because its values are 1 for 0 ≤ 𝑡 < 1∕2, −1 for 1∕2 ≤ 𝑡 ≤ 1 and null for
the rest of the t values. This fact makes more simple Eq. (6). In the case
of the Haar kernel function 𝜓(𝑡), the discrete parameters from Eq. (4)
are 𝑎0 = 2 and 𝑏0 = 1, so the integral could be simplified as:

𝑑𝑚,𝑛 = 2−𝑚∕2
[

∫

2𝑚(1∕2+𝑛)

2𝑚𝑛
𝛥𝑇 (𝑡)𝑑𝑡 − ∫

2𝑚(1+𝑛)

2𝑚(1∕2+𝑛)
𝛥𝑇 (𝑡)𝑑𝑡

]

(7)

The function 𝛥𝑇 is discrete in this case, so the continuous time and
temperature signals could be discretize as a function of the sampling
time 𝑇𝑠.:

𝑡𝑖 = 𝑇𝑠𝑖 𝑖 ∈ N
𝛥𝑇𝑖 = 𝛥𝑇 (𝑡𝑖)

(8)

Solving Eq. (7) with the previous discretization, the result is:

𝑑𝑚,𝑛 = 2−𝑚∕2
⎡

⎢

⎢

⎢

⎣

2𝑚 (1∕2+𝑛)
𝑇𝑠
∑

𝑖=(2𝑚𝑛)∕𝑇𝑠

𝑇𝑠𝛥𝑇𝑖 −
2𝑚(1+𝑛)∕𝑇𝑠

∑

2𝑚 (1∕2+𝑛)
𝑇𝑠

𝑇𝑠𝛥𝑇𝑖

⎤

⎥

⎥

⎥

⎦

(9)

2.5. Wavelet construction

A complementary basis to the band-pass wavelets, a low pass func-
tion 𝜙(𝑡) called scaling function is used. This function satisfy the or-
thonormal condition:

∫ 𝜙𝑚𝑛(𝑡)𝜙𝑚𝑠(𝑡)𝑑𝑡 = 𝛿𝑛𝑠 (10)

The values of the scale functions coefficients are obtained by a
similar process than with the 𝑑𝑚,𝑛 coefficients (Eq. (6)):

𝑐𝑚,𝑛 = 𝑎−𝑚∕20 ∫ +∞
−∞ 𝛥𝑇𝜙(𝑎−𝑚0 𝑡 − 𝑛𝑏0)𝑑𝑡 =

= 2−𝑚∕2 ∫ 2𝑚(1+𝑛)
2𝑚𝑛 𝛥𝑇 (𝑡)𝑑𝑡 = 2−𝑚∕2 ∫ 2𝑚(1+𝑛)

𝑖=2𝑚𝑛 𝑇𝑠𝛥𝑇𝑖
(11)

The complementary scale function is used for avoiding to express
the function in Eq. (11) with infinite wavelet band pass functions. The
function 𝛥𝑇 in the level 𝐿 would be expressed as a decomposition of
the lower resolution of the scaling basis and the approximation error
represented by the term ∑𝐿

𝑚=0
∑∞
𝑛=−∞ 𝑑𝑚,𝑛𝜓𝑚𝑛.

𝛥𝑇𝑖 =
+∞
∑

𝑛=−∞
𝑐𝐿,𝑛2−𝐿∕2𝜙(

𝑡
2𝐿

− 𝑛) +
𝐿
∑

𝑚=0

∞
∑

𝑛=−∞
𝑑𝑚,𝑛𝜓𝑚𝑛 (12)

2.6. Representation of an icing test using wavelets

The Discrete Wavelet Transform acts like a filter bank [27]. The
functions can be decomposed by a scaling bases (first term in Eq. (12))
and an approximation error (second term in Eq. (12)) . Each level 𝑚
represents one more filtering step in the filter bank. Filter Banks could
be used for categorizing the signal changes in function of its abruptness
depending on the level that is applied. In this case, the surface temper-
ature rising is abrupt when fogging starts, so this temperature change
could be detected and categorized easily with wavelets.

Many levels could be used for the fogging beginning detection but
the sixth has shown the best performance according to the NRC test
results. Some tests with high instabilities like high air turbulence or
very high Liquid Water Content variations show that the sixth level
could be too much sensible, but the ratio between sensibility and
specificity has been considered the best. In Fig. 5,it can be seen filtered
signal for the fourth, fifth and sixth level. In this case a higher level
means a more accentuated signal filtering.

The kernel function coefficients 𝑑𝑚,𝑛, were considered as repre-
sentative of the icing events. In Fig. 6 are represented the different
coefficients of a test in the last three levels. The coefficient values were
normalized as 𝑑𝑚,𝑛2−𝑚∕2. It can be seen that the fogging beginning can
be easily located in the second 230, due to the abrupt temperature
change. The time in level 𝑚 can be calculated from the 𝑛 values:

𝑡 = 𝑛2𝑚𝑇 (13)
𝑚,𝑛 𝑠
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Fig. 5. Filtered temperature signal for three different levels (4, 5 and 6).

In Fig. 6 can be seen that higher the DWT levels 𝑚 imply less
imension in the 𝑑𝑚,𝑛 coefficient. The integral of Eq. (6) is between 2𝑚𝑛
nd 2𝑚(1 + 𝑛), so higher levels need more quantity of samples in order
o calculate the coefficients. This fact could affect to the detection time
ecause the higher is the interval in order to calculate the coefficients,
he lower is the precision for knowing when the ice accretion begins.

For the discrimination between ice accretion presence and ice accre-
ion absence, a detection threshold is used. In this case, the detection
hreshold will be selected according to parameters like heights and
rominences of the peaks in the Discrete Wavelet Transform (see
ig. 6).

In Fig. 6 can be noted that the detection is quite efficient and
ntuitive. In this particular test, all levels would detect the fogging
eginning but only the sixth level would be enough to detect the end of
he fogging. In other tests the Liquid Water Content is not so high, so
he ice detection is not guaranteed in the fourth and fifth levels neither.
his method has been probed as very effective in order to quantify the
bruptness of the temperature rising and to discriminate other events
ike flow acceleration, temperature changes or high LWC variations.

Another advantage of using DWT is the filtering and data reduction
f the signal(Fig. 5). This makes easier to process the data of the signal
n order to estimate important variables like the Ice Accretion Rate and
iquid Water Content (Sections 2.9 and 2.10). These variables are very
nteresting to know, for detection issues or for knowing the severity of
he icing conditions.

The system was designed to evaluate the signal in real time so
n online algorithm was implemented. The evaluation takes the last
00 s of data and calculates the Discrete Wavelet Transform DWT of
he signal. In the moment that detects ice, the algorithm begins a sub
rocess that calculates the Liquid Water Content and Ice accretion rate
sing the temperature profile on the airfoil surface. Each 3 s the signal
as to be refreshed and DWT must be calculated again. The refresh time
as set in three seconds because the most severe condition in ED-103,
as a detection time of 3 s.

As it can be seen in Section 2.3, in the beginning of the SENS4ICE
roject an algorithm that smooths the signal and detects ice accretion
hrough the first temporal derivative of the signal was designed. The
omputational cost of smoothing and then calculating the derivative
ith finite differences was too high so that idea was rejected. Discrete
avelet Transform analysis has been proven as a very fast method for

he data processing. This is very important in order to apply a real time
etection algorithm.

Before NRC tests, several Icing Wind Tunnel tests were carried out
n INTA IWT in order to test the sensor. The conditions tested in INTA
5

could be seen in Ref. [16]. The algorithm was effective in a LWC 0,3
g/m3 to 1 g/m3 range. Additionally, the tests were done with different
angles of attack, for demonstrating the feasibility of the system.

2.7. Detection process

In Fig. 7 can be seen the algorithm used for detecting ice in real
time. This process is done each 3 s. In parallel of this process there
is a data acquisition program in which the peaks of the wavelength
are calculated and transformed to temperatures with a calibrated cubic
regression (Section 2.1). The temperature difference between the sensor
located in the leading edge and a reference sensor located in the
trailing edge is calculated. The wavelet transform in made from that
difference and after the threshold is calculated using the expression
from Section 2.8.

The program was made in Python, and the scipy function find_peaks
unction was used in order to detect Liquid Water presence. The func-
ion gives as a result a list of samples which prominence are higher than
he threshold previously calculated. Knowing the time when the ice is
etected after the wavelet transform is done is not so straightforward,
ecause a data reduction is done. The calculated time is taken from the
xpression (13).

The program detects two peaks, one of them is used to know when
he fogging cycle begins and the other one is used to know when it
inishes:

• The peaks bigger than the threshold in the function 𝑑𝑚,𝑛, are the
no ice peaks (positive peaks)

• The peaks bigger than the threshold in the function −𝑑𝑚,𝑛, are the
no ice peaks (negative peaks)

Finally the detection algorithm contemplates the following four
ossibilities:

(1) If the number of ice peaks detected are zero, there is not ice.
(2) If the number of ice peaks detected is not zero, but the number

of no ice peaks is zero, then there is Ice.
(3) If the time of the last ice peak is bigger than the last no ice peak,

then there is ice, because there is an ice peak detected after the
last fogging ending.

(4) If the previous conditions are false, there is not ice. This means
that there is a no ice peak detected after an ice peak. There is a
fogging ending after the ice was detected so the algorithm would
interpret that the fogging cycle has ended.

.8. Threshold determination

Two different strategies were used in order to determine the ice
etection and the ice stopping thresholds. The first strategy consist in
elect constant thresholds and study the specificity and sensibility of
he sensor. With both variables, ROC curves could be calculated with
n iterative process and then, select the specificity and sensibility that
hould be used [28].

The problem of this method is that it is not optimal because it
oes not take into account external effects that could be influential in
he temperature rising abruptness like airspeed or total temperature.

possible solution is to use variable thresholds that depend on the
emperature and airspeed:

ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑(𝑇𝑡, 𝑉 ) = 𝑎 + 𝑏𝑉 + 𝑐𝑇𝑡 (14)

For maximizing the performance of the threshold, a genetic op-
imization algorithm was used, in concrete it was used the Python
unction optimize.differential_evolution from the package scipy. For defin-
ng a optimization problem an objective function 𝑓 should be defined.

In this case, the objective function was the following:

𝑓 (𝑎, 𝑏, 𝑐) = 𝐹𝑃 (𝑎, 𝑏, 𝑐) − 𝑇𝑃 (𝑎, 𝑏, 𝑐) (15)
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Fig. 6. Discrete wavelet coefficients of a test.
Fig. 7. Detection Algorithm Flowchart.
With Eq. (15) objective function, a compromise solution between sensi-
bility represented by the True Positives (TP) and specificity represented
by the False Positives (FP) is achieved. The optimization algorithm
calculates the 𝑎, 𝑏 and 𝑐 values that minimizes 𝑓 , finding the optimal
parameters for the threshold function in Eq. (14). In order to determine
the TP and FP, is important to establish a relationship between the
threshold function in Eq. (14) and the TP and FP functions in Eq. (15).
The followed procedure of that relationship is:

1. Coefficients 𝑑6,𝑛 were calculated applying the Discrete Wavelet
Transform (DWT)
6

2. Each 𝑑6,𝑛 coefficient was associated with a timestamp. The fog-
ging beginning timestamp is provided by NRC as well, so an
matching between fogging parameters and wavelet coefficients
can be done.

3. Determine which 𝑑6,𝑛 have a prominence below the detection
fogging starting threshold 𝑇ℎ𝑠𝑡𝑎𝑟𝑡(𝑎, 𝑏, 𝑐) and above the fogging
stopping threshold 𝑇ℎ𝑠𝑡𝑜𝑝(𝑎, 𝑏, 𝑐). The times associated with those
coefficients are saved in variables called 𝑡𝑠𝑡𝑎𝑟𝑡 for the coefficients
below the detection fogging starting threshold and 𝑡𝑠𝑡𝑜𝑝 for the

coefficients above the fogging stopping threshold.
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Fig. 8. Collection Efficiency as a function of the airspeed and MVD.

4. The data provided by NRC is compared with each detected 𝑡𝑠𝑡𝑎𝑟𝑡
and 𝑡𝑠𝑡𝑜𝑝. If the difference between 𝑡𝑠𝑡𝑎𝑟𝑡 and the truth fogging
beginning is less than 6 s, the algorithm considered that detected
peak as a True Positive and if is greater or equal than 6 is
considered as a False Positive.

2.9. LWC determination

In order to evaluate the severity of ice, an important parameter
is the Liquid Water Content. LWC was calculated with a Messinger
model [29], using a heat balance with the temperature data as it is
described in Ref. [16] as it can be seen in Eq. (16). The collection
efficiency in the stagnation line 𝛽0 could be calculated or numerically
or analytically with the Langmuir Blodgett method [30].

�̇�0
𝑖𝑚 = ℎ0(𝑇 0

𝑠𝑢𝑟−𝑇
0
𝑟𝑒𝑐 )

𝑐0𝑝,𝑖𝑠(𝑇
0
𝑠𝑢𝑟−𝑇𝑚𝑝)+

𝑉 2
∞
2 +𝐿0

𝑓−𝑐
0
𝑝𝑤(𝑇𝑚𝑝−𝑇∞)

𝐿𝑊 𝐶 =
�̇�0
𝑖𝑚

𝑉 𝛽0

(16)

Using this expression has several problems in order to determine the
WC. In first place, the convective heat transfer coefficient is difficult to
stimate analytically in a feasible way [31,32]. Many times, the leading
dge of the airfoil could be consider as a cylinder [33], and the con-
ective heat transfer coefficient could be calculated with the expression
n Eq. (17) [34]. Another issue that should be taken into account is that
he value of the convective heat transfer coefficient depends on the
oughness [35,36] and the separation point. Both parameters change
uring the ice accretion [37], so it is difficult to establish an analytical
nd constant value of the heat transfer coefficient.

𝑐 = 1.14
(

𝜌𝑎𝑉∞𝐷
𝜇𝑎

)0.5
𝑃𝑟0.4

𝑘𝑎
𝐷

(17)

On the other hand, another source of error is the freezing fraction 𝑓 .
The Freezing fraction calculation is indirect, and should be calculated
from other variables. It was defined by Messinger [29][38] and it has
been used for ice accretion predictions in software like LEWICE [37,39].
If the ice is rime, the freezing fraction is the unity but in other cases
is less than one. In the algorithm, the freezing fraction is considered as
one and this makes the LWC prediction for rime ice more accurate than
for glaze ice (see Fig. 12).

Lastly, another source of error is the collection efficiency. The
collection efficiency depends on the airfoil geometry, the speed and
the droplet size [30]. For the collection efficiency calculation, La-
grangian [37,39] or Eulerian [40,41] methods could be used. Analyt-
ically, collection efficiency could be calculated considering the airfoil
leading edge as a cylinder and using equations described in [30,42].
7

Using those analytical expressions, the points in which the collection
efficiency is equal to 0.8 for each droplet size and air speed was
calculated.

Collection Efficiency has been considered as 0.9, because at high
velocities (see Fig. 8) the collection in the leading edge does not suffer
big variations, being its value close to the unity. For predicting the
Liquid Water Content it is necessary to take the airspeed as an input.
The temperature of the surface and the recovery temperature are taken
from the FBGS data.

2.10. Ice accretion rate determination

The Ice Accretion Rate in the stagnation point is estimated in a
similarly than the Liquid Water Content, in an equation that is also
in the Ref. [16]:

𝑑𝛥
𝑑𝜏

=
ℎ0(𝑇 0

𝑠𝑢𝑟 − 𝑇
0
𝑟𝑒𝑐 )

𝜌𝑖𝑐𝑒
(

𝑐0𝑝,𝑖𝑠(𝑇 0
𝑠𝑢𝑟 − 𝑇𝑚𝑝) +

𝑉 2
∞
2 + 𝐿0

𝑓 − 𝑐0𝑝𝑤(𝑇𝑚𝑝 − 𝑇∞)
)

(18)

The ice accretion rate is difficult to measure, and is very depen-
ent on the ice density. The ice density can vary from 0.3 to 0.912
/m3 [43,44], so the error that can committed could be quite big.
EWICE and other software, or standards like ED-103 consider the ice
ensity as 0.880 g/m3 in case of rime, so that density was used. The
ther source of error in the ice accretion rate is the convective heat
ransfer coefficient on the leading edge as it is described in the previous
ection.

The same expression as applied in the stagnation point sensor
Eq. (18)) could be used in order to calculate the ice accretion rate in
ensors located downstream the leading edge. For determining the Ice
ccretion Rate, laminar flow is considered for simplicity reasons. The
onvective heat transfer coefficient rises downstream the separation
oint, so the ice accretion is underrated in backward regions. The
ensity varies as well with the position, decreasing if the ice is rime
freezing fraction equal to one) and being constant if the ice is glaze
freezing fraction less than the unity).

. Results

In this section the results presented are oriented in evaluating the
ensor performance. There are many performance characteristics that
hould be studied. In first place the sensor temporal response for liquid
ater starting and exit. Secondly the accuracy for Liquid Water Content
nd finally the accuracy for Ice Accretion Rate.

.1. Sensor detection

Using the threshold calculated in Section 2.8, sensor detection
esults are summarized in Table 3. Only in test cases 4, 9, 18 and 19
here is not ice accretion detection by the sensor. As can be seen in
ig. 9, no ice is formed in test 4 and 18. This makes them True Negative
ven though there is no detection. Test 4 was run 3 times without ice
ccretion and ice detection in any of the three repetitions.

On the other hand, the rest of the tests had ice accretion without
etection, so all of them are false negatives. Looking at the Table 3,
ests 4,9,18 and 19 have static temperatures close to 0 ◦C. The sensor
esponse in those cases is somewhat particular as can be seen in Fig. 10.
n all these cases the temperature drops initially and then rises to
he initial temperature. This event could be caused due to the fact
hat the water is at the static temperature which is lower than the
emperature of the airfoil surface. Therefore, the water cools down the
irfoil lowering its temperature.

Test cases 9 and 19 have different responses than cases 4 and 18,
s can be seen in Fig. 10. When fogging starts at t=0, it is noticed
hat whether there is ice accretion or not, the temperature drops. On
he other hand, as soon as fogging ceases, a thermal drop is observed
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Fig. 9. Test cases without Ice accretion.(a) Test case 18.(b) Test case 4.
Fig. 10. Temperatures during the tests in which there is not ice detection.

Table 3
Detection results in test Matrix.

Case Detection Case Detection Case Detection Case Detection

1 Y 10 Y 19 N 28 Y
2 Y 11 Y 20 Y 29 Y
3 Y 12 Y 21 Y 30 Y
4 N 13 Y 22 Y 31 Y
5 Y 14 Y 23 Y 32 Y
6 Y 15 Y 24 Y 33 Y
7 Y 16 Y 25 Y 34 Y
8 Y 17 Y 26 Y 35 Y
9 N 18 N 27 Y 36 Y

in tests 9 and 19, which is typical of purely rime conditions. This
temperature drop indicates that latent energy has been present during
fogging and that once fogging stops, the equilibrium temperature drops.
In test cases 4 and 18, it can be observed that the temperature follows a
similar pattern to the total temperature and that the temperature does
not decrease when the fogging stops.

3.2. Sensor temporal response

The sensor temporal response was evaluated with the NRC test FBGS
temperature data. The tests were simulated a posteriori, so the sensing
parameters could be optimize. The algorithm was run in order to detect
ice accretion each 3 s, like it is explained in Section 2.2. The algorithm
output was saved and the time response was compared with ED-103
Requirements (Eq. (2)). The Optic fiber sensor has a very fast response
but the algorithm many times does not interpret the temperature rising
as ice until a certain time has passed. The bigger is the LWC and
air speed, the higher is the latent energy released and this makes the
temperature rising more abrupt. This fact makes the sensor faster with
higher (LWC V) which normally implies more severe events.
8

Fig. 11 represents the sensor responses of all tests compared with
ED-103 (red line) required response. The sensor normally satisfies ED-
103 requirements with higher LWC, having much faster responses with
lower Liquid Water Contents. Only cases 17 and 12 do not meet the
strict temporal response ED-103 requirements (Eq. (2)), due to the
algorithm refresh time of three seconds.

3.3. LWC accuracy

In the case of LWC, Eq. (16) was used and algorithm results were
compared with NRC test data. In Fig. 12 results between data provided
by NRC is compared with the measurements provided by the sensor.
For understanding why results are not accurate for some LWC it is
convenient to define the Ludlam limit as the 𝐿𝑊 𝐶 𝑉 that makes the
surface temperature reach 0 ◦C. Therefore, 𝐿𝑊 𝐶 𝑉 values above the
Ludham limit would produce freezing fractions less than one and the
ice would be glaze. The following equation has been used in order to
discriminate the tests between rime and glaze. If (𝐿𝑊 𝐶 × 𝑉 )𝐿𝑢𝑑𝑙𝑎𝑚 <
(𝐿𝑊 𝐶 × 𝑉 ) the ice is rime and else is glaze.

(𝐿𝑊 𝐶 × 𝑉 )𝐿𝑢𝑑𝑙𝑎𝑚 =
ℎ0(𝑇𝑓 − 𝑇 0

𝑟𝑒𝑐 )

𝛽0
(

𝑐0𝑝,𝑖𝑠(𝑇 0
𝑠𝑢𝑟 − 𝑇𝑚𝑝) +

𝑉 2
∞
2 + 𝐿0

𝑓 − 𝑐0𝑝𝑤(𝑇𝑚𝑝 − 𝑇∞)
)

(19)

It can be seen the higher is the LWC, the lower is the accuracy of
the sensor. It is because initially a freezing fraction value has been
considered as one, and for glaze results freezing fractions are lower.
The average error value has been 39% including glaze ice results. The
error may be considered quite high but normally LWC are difficult to
measure exactly. For example, according to Ice Tunnels Standard SAE
ARP 5905 [45]: ‘‘the uniform icing cloud is defined as the area of the test
section over which the LWC does not vary by more than a ±20% from the
test section centerline LWC value’’.

3.4. Ice accretion rate results

In case of the ice accretion rate, the value was not implemented but
there is an error of a 42%. That error is not accurate neither because the
reference value provided by the SENS4ICE project is an approximation
as well, but it gives a representative value of the ice accreted in the
leading edge. A more realistic accuracy values of ice accretion rate were
exposed in Ref. [16] but with a test matrix more limited. Logically, the
ice accretion rate should have higher precision because is not freezing
fraction dependent.

3.5. Endurance tests

A long endurance test was made in order to evaluate the sensor
response to long ice exposures. The main goal is to assess if the
system can maintain its functionality over long periods of time. The
temperatures and test DWT are shown in Fig. 13(b). The temperature
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Fig. 11. Sensor Temporal Response for each condition.
Fig. 12. Comparison between real and measured LWC.

emains quite stable after fogging so visually it is easy to identify the
ogging existence, as it can be seen in sub Fig. 13(a). The beginning
f the fogging cycle is easy to detect, but in the ending, due to the
hickness of the ice layer, the temperature dropping is not enough
brupt to be detected (sub Fig. 13(a)).

Another level could be selected, with a different threshold, but it has
een considered that it would imply a high quantity of false positives,
o that option was not been taken into consideration. Even thought,
he sensor performance is acceptable in order to detect ice for long ice
xposures, but for detecting the fogging ending, the ice layer isolates
he airfoil surface too much (see Fig. 14).

. Conclusions

In this work the performance of an icing sensor based on Fiber
ragg Gratings has been studied according to the SENS4ICE and ED-103
tandards. Several conditions were tested in NRC Icing Wind Tunnel
n order to see how the sensor works in many different environments.

detection algorithm based on Discrete Wavelet Transform has been
mplemented and studied.

The system showed good detection results for different Liquid Water
ontent, airspeeds and MVD conditions in rime ice. For glaze ice
9

conditions with temperatures close to 0 ◦C the results worst, show-
ing two false negatives. The algorithm showed a very fast response,
according to the ED-103, with different response times depending on
the Liquid Water Content conditions. Only two tests had temporal
responses slightly slower than the ED-103 standard. The algorithm has
good results in detecting the fogging termination as well if the ice layer
is not too thick.

The algorithm tried to measured the Liquid Water Content and Ice
accretion rate in the surface. Results show a low accuracy in the LWC
measurement in glaze ice conditions, but a higher one in rime ice. Ice
Accretion Rate does not give a accurate result neither, probably because
its difficult to give a trustful measurement of the ice layer thickness
during the test. Finally, endurance test show that the temperature steps
are present for long times, but if the ice layer is too thick, the sensor
cannot detect the fogging termination.
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Fig. 13. Endurance test Results. (a) Discrete wavelet coefficients. (b) Temperature during the test.
Fig. 14. Picture taken in the end of the endurance test.
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