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ABSTRACT 

This paper presents the development of the capacitive 
sensor to measure the growth of ice on a fuel pipe surface in a 
real time. The ice sensor is consisted of the pairs of electrodes 
to detect the change of the capacitance and the thermocouple 
temperature sensor to examine ice formation situation. In 
addition, an environmental chamber is specially designed to 
control humidity and temperature to simulate the ice 
formation conditions. From the humidity, water film is 
formed on the ice sensor, which results in the increase in 
capacitance. The ice nucleation occurs, followed by the rapid 
formation of the frost ice to decrease the capacitance 
suddenly. The capacitance is saturated. The developed ice 
sensor explains the ice growth with the information of the 
icing temperature in a real time. 
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INTRODUCTION 

The monitoring of ice growth is an important issue in 
aviation and transportation systems because ice can cause 
severe accidents. For instance the emergency landing of 
Boeing 777 of British Airways occurred in Gatwick airport 
on January 17, 2008. It was revealed that thick layers of ice 
originated from the dissolved water in the fuel built up within 
the fuel pipes as the aircraft passed over Siberia. As the 
aircraft approached the airport, this ice was released as a 
so-called “snow ball” which blocked the fuel flow at the 
fuel-cooled oil-cooler leading to loss of power. The problem 
occurred on the engines when the aircraft was close to the 
airport and it was unable to reach the runway. It crash-landed 
just short of the runway – thankfully without any casualties.  

At a sub-zero temperature environment, the presence or 
formation of ice must be detected in a real time. This will 
allow the pilot or driver to take appropriate action. However, 
there are no available ice detectors for detecting directly the 
thickness of ice within the fuel pipes rather than just the 
presence of ice. This paper presents a capacitive ice sensor 
with cost-effectiveness and small size. It is also challenged to 
measure the ice growth in a real time. Also, a specially 
designed environmental test system is presented to situate the 
sub-zero ice condition. 
 
WORKING MECHANISM OF THE ICE 
SENSOR 

Figure 1 shows a schematic drawing of the fuel pipe with 
the proposed capacitive ice sensor. The capacitive ice sensor 

can be installed by machining hole in the fuel pipe. The ice 
starts to grow from the inner surface of the fuel pipe since the 
surface is colder than the fuel based on the heat conduction 
theory.  

The capacitive ice sensor uses the interdigitated comb 
electrodes, which have been widely used for electrostatic 
actuators, accelerometers and frequency tuning filters. The 
electrodes are paired to measure the ice growth. The 
capacitance can be obtained from Eq. (1). 

           
N

d
AC roεε=

                                                   Eq. (1) 
where   denotes vacuum permittivity and, the relative static 
permittivity of a material, d, the distance between two 
confronting electrodes and N, the number of electrode pairs. 
The dielectric constant of the vacuum is about 8.854 x 10−12 
F/m, and the relative static permittivity for water is 80 and for 
the kerosene of the jet fuel is 2.0 at 273 K and 4.2 for ice at 
263 K in an input frequency of 105 Hz. 

As the ice grows, Jet fuel in the medium surrounding the 
confronting electrodes is replaced with ice. In the Eq. (1), the 
relative static permittivity of the jet fuel is changed to that of 
the ice. As a result, the ice sensor detects the change in 
capacitance in real time, which is proportional to the increase 
in ice thickness. 
 
FABRICATION OF THE ICE SENSOR  

The ice sensor is consisted of the paired electrodes on 
the front surface to measure the ice growth by using the 
capacitance change and a K-type thermocouple temperature 
sensor on the back surface to measure the temperature at 
which the ice forms. To examine the effect of the substrate on 
the ice growth, Pyrex 7740 glass with a low thermal 
conductivity of 1.05 W/mK and a silicon wafer with a high 
thermal conductivity of 149 W/mK were compared.  

 

 
 

Figure 1: Schematic view of the capacitive ice sensor 
installed into a pipe to measure ice grown from inner surface 
of fuel pipe. 
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Three masks were designed for fabrication. Firstly, the 

interdigitated comb-type electrodes for the capacitive sensor 
were made directly on the front surface by a standard image 
reversal process as shown in Figure 2. The ice sensor was 
designed to measure the ice thickness from 0 to 6 mm. The 
gap distance of the pairing electrodes was 30 μm and their 
confronting width was 6 mm. Gold with a thickness of 3000 
Å was deposited for the electrodes. The 60 pairs of the 
electrodes were designed. 

Secondly, to fabricate the K-type thermocouple 
temperature sensor, Alumel was patterned, followed by the 
patterning of Chromel. Both materials were sputtered on the 
patterned photoresistor on the surface, opposite to the surface 
with the capacitive ice sensor. Figure 2 shows the fabricated 
thermocouple temperature sensor. The thermocouple 
junction was positioned at the center of the capacitive ice 
sensor. Its junction size was 600 μm. For the electrical 
interconnection, the terminal electrode pad was sized with 
2.5 mm × 2.5 mm. illustrated also by this sample manuscript:   

The feasibility test of the fabricated ice sensor was 
performed in water. The ice sensor was placed in a reservoir 
with a scale. While the de-ionized water was poured and the 
level of water was raised linearly from 0 to 6 mm with an 
increment of 1 mm, the capacitance change was measured for 
an input frequency of 100 kHz and a voltage of 1000 mV at 
an ambient temperature of 22 ˚C. Figure 3 shows that the 
capacitance increases proportionally for the water level. It 
shows linearity of the fabricated ice sensor. The comb-type 
electrodes are interdigitated along height so that the output is 
also linear with respect to height. 

Also, the fabricated K-type thermocouple temperature 
sensor was calibrated by comparing with a reference K-type 
thermocouple temperature sensor. In a thermal cycler, the 
environment temperature was set from – 40 ˚C to 50 ˚C, 
analogous to the temperature that the airplane might 
experience. As shown in Figure 3, the temperatures measured 
by the thermocouple in the fabricated ice sensor and the 
reference thermocouple were identical with less than 1% 
measurement error. 

 
ENVRONMENTAL TEST SYSTEM FOR ICE 
GROWTH 

In the real engineering situation, the water is dissolved 
in the jet fuel and the ice nucleates on the inner surface of the 
fuel pipe. However, to examine the ice growth in the fuel 
pipe, the test environment requires expensive and 
complicated setup for the accurate control of the amount of 
water in the fuel and temperature. Thus, the measurement 
was performed in air for the experimental evaluation.  

 

 
Figure 2: Fabricated ice sensors and the junction of 
thermocouple on a silicon wafer. 
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Figure 3: Calibration of capacitance and temperature 
 

To nucleate the ice, humidity was used as water source. 
Firstly, a commercial environmental chamber was tested to 
control the temperature and humidity. However, as soon as 
the ice started to form, the humidity was changed in the 
chamber. Thus, for the feasibility test of the ice growth 
measurement in a real time we specially designed an 
environmental test system, which can control temperature 
and humidity separately and simultaneously. Figure 4 shows 
a drawing of the environmental test system. It is composed of 
a reservoir of liquid nitrogen, a cold plate to form the ice, a 
humidifier with a fan. A duct guides water droplets generated 
from the humidifier to control the humidity. 

In the experiment, the humidity was set to a targeted 
humidity as water source to form ice on the sensor and then 
liquid nitrogen was flown to the cold plate to situate ice 
formation temperature of below 0 degree. As the ice formed, 
the capacitance and the temperature of the ice formation were 
measured simultaneously. 

To control the temperature of the cold plate from 
ambient to - 40 ˚C for the ice growth, liquid nitrogen 
(hereafter, LN2) with a boiling temperature of -195.79 ˚C in 
an atmospheric pressure was used. The LN2 was filled in the 
reservoir with a volume of 1000 ml. The reservoir was 
connected with a sudden expansion-sudden contraction tube 
and the flow rate could be controlled by regulating the valve. 
The center of the extended part in the tube was machined to 
insert the ice sensor. The valve opening allowed maintaining 
the temperature - 45 ˚C for 30 minutes when the reservoir 
was fully charged. Figure 5 shows that the temperature could 
be maintained at - 45 ˚C for 10 minutes after it dropped from 
the ambient temperature of 23 ˚C. 
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Figure 4: Environmental testing chamber to control 
temperature and humidity. 
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Figure 5: Control of temperature and humidity of the 
environmental testing chamber. 

 
The humidity must be constant while the ice grows. It is 

very difficult to use ambient humidity as an ice nucleation 
source, since it always changes. In order to obtain a constant 
relative humidity, a humidifier and a fan were used to 
introduce microdroplets into the test section. Here, the 
humidity was controlled by regulating the amount of 
microdroplets for the constant fan speed. Figure 5 shows that 
the relative humidity at 40% and 100% respectively is well 
controlled in the test section. 

 
MEASUREMENT OF ICE GROWTH 

Finally, real time measurement of the ice growth was 
performed. The capacitive ice sensor was packaged with 
external electrodes, as shown in Figure 6. The ice sensors 
fabricated on two different substrates were inserted into the 
cooling plate. The ice growth was examined as the ice grew 
from the surface of the cooling plate with the introduction of 
the water droplets. For the ice sensor on the silicon substrate, 
the entire surface of the ice sensor was covered with frost ice 
rather than dense ice due to its high thermal conductivity. 
Whereas, the ice grew much faster from the cooling plate 
compared with ice from the ice sensor on the Pyrex glass 
owing to its low thermal conductivity. In this experiment, the 
ice sensor on the glass substrate was used to examine the 
measurement of the ice growth in a real time.  

The capacitance was measured for an AC input 
frequency using an LCR-meter. In the capacitance 
measurement, the relative permittivity depends on the 
temperature and the input frequency  

cfX
C

π2
1=

                                         
    Eq. (2) 

where f is the input frequency and Xc is the capacitance 
reactance.  

In order to eliminate their effect on the capacitance 
measurement, various input frequencies were tested. To 
prevent the ice formation on the capacitive ice sensor at the 
subzero temperature, it was wrapped with a plastic bag and 
charged with nitrogen gas to remove humidity. As reported in 
the previous work, at the input frequency of more than 100 
kHz, their effect was potentially negligible. The capacitance 
measured at an input frequency of 100 kHz was constant 
even at the decreased temperature.  

Finally, the ice growth was measured using a capacitive 
ice sensor on the glass substrate. After the ice sensor was 
installed into the cold plate, the LN2 valve was opened. When 
the temperature approached - 45 ˚C, the humidifier and fan 
were turned on. The capacitance and temperature were 
measured from the sensor simultaneously over time. 

As shown in Figure 7 (a), as the temperature decreased 
over time, the capacitance increased rapidly and at a 
threshold decreased suddenly. Then the capacitance was 
saturated. Also, by melting the ice with air blow, the 
capacitance was detected. The measured capacitance directly 
explains the situation occurred on the ice sensor.  

The first increase in the capacitance could be explained 
by the water film formation on the ice sensor. The water 
droplets generated by the humidifier attached on the sensor 
surface and accumulated to form the liquid film by a 
hydrophilic property. The air on the ice sensor was replaced 
by the liquid, resulted in the increase in the capacitance 
because the relative static permittivity of the water was 80 
times higher than that of air. More water droplets attached 
and the water thickness grew with time. As a result, the 
capacitance rose.  

The sudden decrease in the capacitance could be 
explained by the ice formation. The nucleation of ice started 
to occur and the frost ice grew fast and furious. Thus, the 
capacitance in the graph dropped sharply. Then, it was in 
general descending over time and temperature. The 
fluctuated decrease in it reflected the combination of the frost 
formation and the attachment of the water droplets. 

The measured capacitance was saturated for the 
condition of the continuous supply of the water droplets. It is 
interesting to examine the variation of saturation temperature 
with respect to environment humidity. The different relative 
humidity of 30%, 35%, 44%, 52%, and 60%, respectively, 
was experimented as shown in Figure 7. As the humidity 
increased, the saturation temperature decreased. This could 
be explained by the number or possibility of the water 
droplets attaching to the sensor surface. 

 

 
Figure 6: Picture of the plastic packaged ice sensor 
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(a)Ice formation cycle (b) At a relative humidity of 30% 
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(c) At a relative humidity of 35% and 44% 
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(d) At a relative humidity of 52% and 60% 

Figure 7: Real time measurement of ice growth at the 
different relative humidity. 

 
The second increase in the capacitance in the graph could 

be explained by the water film formation again. The frost ice 
was melted by air blow. The melted water formed the film on 
the ice sensor and, as a result, the capacitance increased. 

The fabricated capacitive ice sensor measured the ice 
growth in a real time. The measured capacitance provided the 
meaningful information to indicate the existence of water in 
the jet fuel and to alarm the possible ice growth. However, it 
could not simulate the ice growth from the fuel pipe surface 
because the frost ice did not grow only from the surface of the 
cold plate but also from the sensor surface. To improve this, 
the formation of the water film on the sensor surface must be 
prevented by using the hydrophobic treatment.  

 
CONCLUSIONS 

The measurement of the growth of ice thickness in real 
time was successfully performed using the capacitive ice 
sensor. Especially, the measured capacitance could explain 
the situation of the ice formation. Differently from the 
expectation, as the water film on the sensor surface was 
frosted, the capacitance decreased and saturated at the 
different level depending on concentration of water supply. 

To simulate the ice formation in the jet fuel, not only the 
test environment but also the ice sensor should be improved 
to allow the ice growth only from the surface of the jet fuel 
pipe. One possible suggestion is to treat the surface of the ice 
sensor hydrophobically to prevent the attachment of water. 
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