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Abstract

Refrigeration is one of the key elements for food preservation. With global temperatures increasing due
to global warming, the efficiency in refrigerated storage systems must be improved. One of the
problems that is yet to be solved in these systems is the efficient and accurate removal of the frost
formed on the heat exchanger surface. In previous works, a low-cost resistive sensor has been
developed to detect frost formation for accurate removal. This paper shows the results of an
experimental study carried out to increase the accuracy, by placing different configurations of a fabric
medium in between the sensor electrodes.
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1. Introduction

Frost formation on the fin-and-tube evaporators has been widely studied, and yet it is
one of the main causes of inefficiency. The fin-and-tube evaporators used in light
commercial systems have a large area-to-volume ratio. The demand for subfreezing
operating temperatures causes the formation of a frost layer on the fin surface as shown on
Fig. 1.

A frost layer is a porous medium comprised of ice crystals and pores filled with moist
air. The frost build-up on the evaporators fin surface increases its air-side thermal resistance,
decreasing the overall efficiency of the system. This frost accumulation may, in extreme
cases, lead to the blockage of the air passage between the fins.
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Full blockage of the evaporator can occur if no defrost method is applied. Several
parameters can influence frost growth, but those with most influence are air relative humidity,
velocity and supercooling degree (Panoias et al., 2019), but may also be influenced by other
parameters such as fin shape and spacing, type of flow, or air cleanliness. The lower system
efficiency caused by the frost layer on fin surfaces results in a higher energy demand, and in
extreme cases, system damage, and may even result in a threat to food safety (Hermes et al.,
2009). Defrost methods are used to reduce the problem, although additional energy is usually
also consumed for them to operate (Wang et al., 2018). These defrost methods can be
classified as seen in Fig. 2.

Time controlled with on-off defrosting and electric resistive heater or reverse cycle
are still one of the most used defrosting methods. Apart from these, none of the
abovementioned methods has gained significant acceptance from the refrigeration industry,
due to complex, expensive, and unreliable sensing and prediction methods (Xiao et al., 2010).
This can cause a huge impact on energy consumption, as the timed defrost operations have to
be scheduled for the worst-case scenario (warm air with high relative humidity) and thus, as
these properties vary during the year, the amount of defrosting cycles could vary as well.
(Tassou et al., 2001) studied frost formation and defrost control parameters for vertical open
refrigerated display cabinets (VORDC) and concluded that the ideal time between defrosts
varies greatly with air temperature and humidity.
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Fig. 1. Different amounts of frost accumulated on heat exchanger fins (Panoias et al., 2019).
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Fig. 2. Classification of available defrost methods (De Aguiar et al., 2019).
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As shown in Fig. 3, the ideal operation time between defrosts on VORDC can range
from 4 hours to around 9.5 hours during different times of the year, according to the
variation of the parameters that affect frost growth.

Demand defrost tries to solve this problem by measuring or predicting frost formation.
This prediction can be achieved by computing the measured factors that influence frost
formation — such as heat exchanger surface temperature, and inlet air characteristics: relative
humidity, temperature and velocity; computing the measurable system changes caused by the
frost accumulation on the evaporator — temperature difference between the air and evaporator
surface, pressure drop, degree of refrigerant superheat, fan power sensing; or both, using
methods such as artificial intelligence and other algorithms. Alternatively, demand defrost
cycles can be controlled by directly measuring frost on the evaporator coils. In this scenario
no prediction is necessary, as sensors positioned on the evaporator directly evaluates the state
of the frost accumulation and their data is processed so that the defrost operation occurs
when best suited (De Aguiar et al., 2019).

The electrical resistance of a given sample varies with its shape and material. Air, ice
and water have quite different electrical resistance values, meaning that if two electrodes are
positioned in the evaporator (but close enough for a voltage drop to be measured) and a
voltage is applied on the terminals, a characteristic voltage drop will be measured as water
forms, and this voltage drop will increase as this water freezes, indicating ice formation. A
device based on this characteristic was developed by (Graga et al., 2016) and (Caetano et al.,
2018). The principle of the sensor is based on the equation 1:

R=pL/A @)

Where R [Q] is the measured resistance, p [(2m] the resistivity of the material
between the electrodes which is the variable that has different values for water, ice or air, L
[m] the length of this material (directly related with the distance between the electrodes), and
A [m?] the section area of this material. If the electrodes are close enough, a bridge between
the electrodes is formed, as seen on Fig. 4. This condensed water will result in a decrease of
the resistance between the sensor terminals.

In (De Aguiar et al., 2020), different resistive sensors with variable electrode
configurations were tested, and promising results were obtained. The most promising results
were obtained with the sensor shown in Fig. 5.

This sensor has two different electrodes. The first electrode acts as a clamp to fix the
sensor on a fin of the heat exchanger, allowing for a lower thermal resistance between the
sensor and fin surfaces, ensuring frost formation on the sensor. The second electrode is a
wire with a diameter of 0.5 mm and a length of 6 mm, parallel to the first electrode, and
facing the air intake vertically. The electrodes are separated by an air gap of approximately
0.6 mm. This sensor was able to detect 3 out of 5 frost-defrost cycles, as shown in Fig. 6.
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Fig. 3. Optimum time between defrosts — adapted from (Tassou et al., 2001).
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Fig. 4. Water droplets (left) and bridges (right) on the electrodes (De Aguiar et al., 2019).
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Fig. 5. CAD model (left) and picture (right) of the sensor with the best results (De Aguiar et al., 2020).
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Fig. 6. Results obtained with the resistive sensor (De Aguiar et al., 2020).

A sensor to be implemented for frost detection has to be reliable, in order to avoid
malfunctioning of the refrigeration systems, so the possibilities that may have resulted in
failure on previous studies (such as the failure in the detection of the third cycle on Fig. 6.)
have to be tackled. Some of the problems detected are the precipitation of the droplet that
connects the sensor electrodes with vibrations, and the accidental touching between sensor
electrodes, and/or sensor electrodes and a heat exchanger surface that is not electrically
insulated. Both these problems can be solved by insulating the terminals with a material that
is not electrically conductive and permeable to water. This way, the smallest amount of water
is transported between the electrodes, creating a humid medium that becomes electrically
conductive, and does not precipitate with vibrations. This also maintains the distance
between electrodes constant and allows contact between the sensor and heat exchanger
surface without fears of causing interference.

For the present work, cotton string, and cotton sewing thread were tested as a medium,
in different sensors with different configurations.

2. Experimental Setup
An analog-to-digital converter (ADC) uses a voltage divider to measure the voltage
drop between the electrodes as shown in Fig. 7. The ADC returns a value between 0 and

1023, that represents lower and higher resistances, respectively. Ice and air should be
expected to give values near 1023, as they have high resistive values, and water should have
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a lower value, if a water bridge forms between the electrodes, or in this case, the humidity in
the cotton string increases.

Different cotton strings and electrode configurations were tried to form a water bridge
and allow the sensor to detect water accumulation before frosting. Five different copper
electrode sensors were tested, in different configurations:

2.1. Sensor 1

The sensor 1 is made from two cylindrical parallel copper electrodes with a diameter
of 0.5 mm, separated by a cotton sewing thread, tightly tied in a form of co around both
electrodes. This sensor is positioned on the refrigerant tube, between fins, facing the intake
front of the evaporator. The sensor model (left) and tested sensor (right) are shown in Fig. 8.

2.2. Sensor 2:

The sensor 2 is a variation of the sensor 1, that instead of embracing the refrigerant
tube, embraces the fin, it is also made from two cylindrical parallel copper electrodes with a
diameter of 0.5 mm, separated by a cotton sewing thread, tied in a form of oo around both
electrodes. This sensor is longer to clamp the fin. The sensor model (left) and tested sensor
(right) are shown in Fig. 9.
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Fig. 7. Experimental setup scheme — adapted from (De Aguiar et al., 2019).
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Fig. 8. CAD model (left) and picture (right) of the sensor 1.
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Fig. 9. CAD model (left) and picture (right) of the sensor 2.
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2.3. Sensor 3:

The sensor 3 is made from two parallel rectangular copper electrodes separated by a
cotton string (thicker than the cotton sewing thread), tied in a form of oo around both
electrodes, each with a dimension of 0.6x1.1x12 mm?. One of the electrodes has a plate that
can be wedged between fins so that the sensor electrodes can be parallel to the heat
exchanger front and faces the intake air. Because of the wedged plate, heat can be more
efficiently conduced and therefore bring down the electrode temperature. This sensor has a
higher contact area with the intake air. The sensor model (left) and tested sensor (right) are
shown in Fig. 10.

2.4. Sensor 4:

The sensor 4 is very similar to sensor 2, with the only difference being that it uses
cotton string loosely tied, instead of tightly tied cotton sewing thread. The sensor model (left)
and tested sensor (right) are shown in Fig. 11.

2.5. Sensor 5:

The sensor 5 has four electrodes, connected alternately to two terminals. It is as if two
sensors like the sensor 2 were glued and connected to the same cables. The sensor embraces
the fin and faces the intake front of the heat exchanger. It is made from four cylindrical
parallel copper electrodes with a diameter of 0.5 mm, separated by a cotton sewing thread,
tightly tied in a form of around both electrodes. This sensor is wider to increase the surface
that gets in contact with the air, and to smooth the curve obtained by the ADC data. The
sensor model (left) and tested sensor (right) are shown in Fig. 12.
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Fig. 10. CAD model (left) and picture (right) of the sensor 3.
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Fig. 11. CAD model (left) and picture (right) of the sensor 4.
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Fig. 12. CAD model (left) and picture (right) of the sensor 5.
3. Results
3.1. Sensor 1

Sensor 1 was placed on the refrigerant tube, between fins, and at first glance, it
appears that it failed to detect the water deposition and frost on the sensor, although it clearly
detected the defrosts. On Fig. 13 on the left the results of a test can be seen, in which two
frost-defrost cycles were made, the first defrost started at t = 20 min and the second att =69
min.

On the right, the ADC conversion axis values are cropped between 950 and 1050 so
that the fluctuations are more visible, and it can be seen that water deposition is detected in
t € [20, 23[ minand t € [20, 23[ min.

3.2. Sensor 2

The sensor 2 had worse results than the sensor 1. A tighter wrap of the cotton string
made it so that the electrodes were so insulated that no water was deposited in between them.
Fig. 14. shows the results of a single frost-defrost cycle. On the left we can see that even
during the defrost, the sensibility of this sensor is reduced. On the right, with the ADC
conversion axis amplified, it is possible to confirm the detection of a defrost cycle that
started at t = 14 min.

3.3. Sensor 3

The sensor 3 did not yield good results either, as shown in Fig. 15 on the left. With
amplification of the ADC conversion axis the measurement fluctuations are more visible,
with a lot of noise. Two frost-defrost cycles were done, and only the defrosts (started at
t=17 min and t = 60 min) were detected, although with very low sensitivity as shown on Fig.
15 on the right.
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Fig. 13. Results for the sensor 1.
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Fig. 14. Results for the sensor 2.
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Fig. 15. Results for the sensor 3.
3.4. Sensor 4

Sensor 4 was the most promising, detecting all the frost-defrost cycles in 5
consecutive cycles. This is shown in Fig. 16. with no need to amplify the ADC conversion
axis, with water accumulation during the frost phase of the cycle being detected in t € [1,
21[ min; t € [45, 70[ min; t € [91, 117[ min; t € [153, 174] min and t € [207, 219[ min
and defrosts that started at t = 33 min, t =75 min, t = 135 min, t = 186 min, and t = 229 min.
Another interesting observation is the difference between the curves on the frosting and
defrosting parts of the cycle, being the frosting curves the most irregular and the defrosting
curves a lot smoother.

3.5. Sensor 5

The sensor 5 was not as effective as sensor 4, the sensitivity is lower, but the curves
are smoother as shown in Fig. 17.
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Fig. 16. Results for the sensor 4.
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Fig. 17. Results for the sensor 5.

Most likely due to the increase in the number of sensor terminals. The detection of
water between electrodes on the interval t € [2, 86] min is especially long mainly for two
reasons: first, the increased amount of terminals increases the surface area, and more water
that has to be completely frozen in order to get the ADC conversion value back to 1023, and
second, the fin in which the sensor was placed took an especially long time to completely
freeze as it was in a spot of the heat exchanger that took longer to freeze.

4, Conclusions

It is possible to detect frost formation and defrosting operations using a low-cost
resistive sensor, and although a perfectly accurate and reliable version has not yet been
achieved. Adding an absorbent material between the sensor electrodes might be a solution to
increase the reliability of a resistive sensor. Fig. 6. shows the best result achieved without the
use of an absorbent material between electrodes, where three out of four frost-defrost cycles
are detected. This result has now been improved by achieving five out of five frost-defrost
cycles with sensor 4, as seen in Fig. 14.

If a resistive sensor does not distinguish between air and ice, it is possible to
determine the values that the sensor is reading as there is no transition from ice to air or vice
versa without passing through a water phase, and therefore, if a reliable enough sensor is
developed, it might be a viable and low-cost solution for industrial application.

When comparing the curves in Fig. 14. and Fig. 6., the results of consecutive frost-
defrosting operations, result in quite different curve shapes. The defrosting operation curve is
smoother for the sensor with cotton fabric between electrodes, and it is easy to distinguish
between frosting and defrosting by the shape of the curve, which might be useful for the
implementation in a refrigeration system.

Even though it was possible to detect 5 frost-defrost operations, sensor 4 still gives an
irregular signal that has a lot of noise while detecting the frost formation. Adifferent medium
or increasing the number of sensor electrodes might result in a more uniform signal across
the cycles.

Sensors 1, 2 and 5 have low sensitivity, suggesting that tightly tied sensors sacrifice
sensibility for toughness, which might not be a desirable trade. The usage of cotton as the
medium between the electrodes has the disadvantage of thermally insulating the sensor
terminals, making it harder to reach dew point on the surface of the sensor, resulting in less
water deposited during frosting. This might be one of the reasons why sensors with tightly
tied cotton sewing thread have worse results.

The use of material that is absorbent, electrical insulator, but also a good heat
conductor (such as some ceramics) might be an improvement from the current use of a fabric
as medium.

Having a material between electrodes also ensures that vibrations do not cause the
water to precipitate, while assuring an even and constant distance between electrodes, and
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electrical insulation from the heat exchanger. The sensor size is still an advantage, as sensors
with a few millimeters are already able to detect frost formation with more reliability than
larger sizes from previous studies. This small size decreases the disturbance in the air flow
on the heat exchanger. Additional studies are being conducted to evaluate the characteristics
and performance of such materials for frost detection purposes.

A reliable sensor for the detection of frost formation in evaporators might be a simple,
yet effective way to reduce energy consumption on refrigeration systems, but further studies
should be done to achieve higher reliability.
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