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Abstract

This paper introduces an innovative technique on use of an applied electric field for control of frost over evaporator
coils with fin density and geometric configuration of interest to freezer/refrigerator applications. The technique dis-
cussed in this paper, referred to as the “dielectric barrier discharge” (DBD) method, may be particularly suitable for
application in evaporator coils with high fin density. Experiments conducted with a small-scale laboratory test-module,
as well as a full-scale supermarket evaporator are presented. The DBD technique is based on generating localized non-
resistive heating within fins of an evaporator coil via application of a high-voltage, alternating current through elec-
trodes. Our experiments demonstrate that the defrosting time using DBD is substantially shorter than conventional
techniques, while the energy consumption associated with the process is less than one half of the corresponding energy
of the electrical resistance heating methods. Basic operational principles of the technique, its advantages and limitations
when compared to conventional electrical defrosting techniques are discussed and presented for the first time in this
paper.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction depending on the surface and air temperatures, airflow,
and the humidity content in the air. Frost formation is a

When humid air comes into contact with a surface complex transient process in which both heat and mass

whose temperature is below both the air dew point tem-
perature and 0 °C (at 1 atm.) frost growth will be initi-
ated. Frost formation and growth patterns will vary
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transfer occur simultaneously. Frost accumulation is
undesirable in tube-fin type refrigeration equipment be-
cause it results in increased heat transfer resistance as
well as increased pressure drop in the system. Moreover,
the frost formed on the coils or fins of heat exchangers
blocks the airflow passage, leading to reduced COP
and system capacity. Frequent defrosting reduces the
COP of air-cooled refrigeration systems due to the
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Nomenclature

dy dielectric thickness

dy air gap thickness

D; bare/inner wire diameter (mm)

D, insulation/outer wire diameter (mm)

DBD  dielectric barrier discharge

Ey electric field strength in the dielectric (V/m)
E, electric field strength in the fin gap (V/m)
f frequency (Hz)

current (A)
t, T time (s)
14 electrical potential/voltage (V)

Greek symbols
0 surface charge density (C/m?)
€ dielectric constant

energy required to melt the ice on the evaporator and the
subsequent removal of energy from the evaporator that
did not result in ice melting.

A new technique for defrosting refrigeration coils
and fin equipment using an applied high voltage AC
electric field is presented in this study. The technique,
known as the dielectric barrier discharge method
(DBD), or corona ice melting technique, involves gener-
ating localized heating within an evaporator coil by
passing a high voltage, alternating current through insu-
lated electrodes. The discharge generated between the
electrodes and the frost formed on the grounded fins
melt the frost locally, thus clearing the gap needed for
air to flow through the coil. This technique can provide
reduced pressure drop in refrigeration equipment and
higher defrosting intervals on the evaporators.

2. Background

Electric discharges operated at atmospheric pressure
and formed in gaps where at least one electrode is
covered by a dielectric barrier are often called dielectric
barrier discharges. The dielectric barrier discharge repre-
sents the most important non-equilibrium discharge that
can be conveniently operated at atmospheric pressure or
above. It combines the large volume excitation of the
glow discharge with the high pressure of the corona
discharge.

A typical configuration for generating dielectric bar-
rier discharges is presented in Fig. 1. The configuration

consists of two metallic electrodes, a dielectric layer
and an air discharge gap. The air usually flows through
the gap formed by the ground potential metal electrode
and the dielectric layer, which is in contact with the high
voltage electrode.

If the voltage applied to the gas/dielectric combina-
tion is ¥, then the electric fields in the gas gap and dielec-
tric layer E, and E4q are E,= V/k, and Eq= V/kq4
respectively, where

ky = (dg +dd/3) (1)
kd = (dd +&- dg) (2)

This analysis is valid provided there is no electrical
discharge activity in the gas gap. If the applied voltage
is increased such that the electric field in the gas gap
E, achieves the breakdown field E; (~3 kV/mm for air
or oxygen), electrical discharges will occur in the gas.
These are referred to as ‘barrier’ discharges [1-3] and
each discharge has a channel diameter of 200-500 um
and involves total charge of around 107'° C. These dis-
charges deposit electric charge onto the surface of the
dielectric layer, which is of the same polarity as that of
the electrode on the other side of the gas gap. Thus, if
the voltage in Fig. 1 is positive, when discharging com-
mences, positive charge will be deposited onto the sur-
face of the dielectric contact with the gas. The mobility
of charge on most dielectric surfaces is low, and thus
the charge may be considered trapped and totally immo-
bile. The charge sets up an electric field, which opposes
the field in the gas gap, and discharging in the gas gap at
any position will continue until such time as the gas gap

High voltage electrode
‘// Dielectric

e

(ND Discharge (air) gap
\ Ground electrode

Fig. 1. Typical dielectric barrier discharge configuration.
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field at that position has been reduced again to just be-
low the breakdown value. Complete cessation of dis-
charging will occur when the entire dielectric surface is
covered with the required density of the charge. If the
charge density on the dielectric surface is p (C/m?), then
the resultant electric fields in the gas gap and dielectric
due to this accumulation of charge are p/ey and p/egg
respectively. The gas gap field, as explained above, op-
poses the applied field, giving a resultant gas gap field

Ey = (V/ky—p/s) 3)
Therefore the criteria for discharge extinction are

E; = (V/kg = p/e0) (4)

and

p =& (V/ks — E) (5)

The electric field in the gas gap is limited to the
breakdown field, and discharging will cease when the
voltage ceases to increase (i.e. at voltage peak). When
the applied voltage then starts to decrease, the charge
on the dielectric surface produced by the earlier dis-
charges persists, and the field in the gas gap is reduced
at all stages by this constant field, which can be derived
as

E= (Viax/he — Ei) (6)

Thus, the field in the gas gap for any instantaneous
voltage V" will be given by:

Ey =V /ky — (Vimax/ke — E;) (7

This equation shows that the field in the gas gap can
actually become negative before voltage zero and, in
fact, depending upon the relative magnitudes of Viay/
ko and E;, can even achieve the breakdown field, herald-
ing the onset of discharges in the opposite direction, be-
fore voltage zero. When discharging commences in the
opposite direction, the charge on the dielectric surface
is rapidly neutralized and replaced with charge of the
opposite sign, and the process described above is re-
peated (see Fig. 2).

Fig. 2 demonstrates the dielectric barrier discharge
behavior when a sinusoidal voltage of sufficient ampli-
tude is applied. In this case, a large number of micro-
discharges randomly distributed in space and time is
induced. At the maximum and minimum applied voltage
the displacement current (d¥/dz=0) and the micro-
discharge activity stops, only to start again when the
breakdown field is reached in the gap during the next
half-wave. Thus the dielectric serves two functions. It
limits the amount of charge and energy that goes into
an individual micro-discharge and it distributes the
micro-discharges over the entire electrode area. Although
the current flows in a large number of individual micro-
discharges, the overall electrical behavior of the dis-
charge can be described quite adequately by average

b

Voltage

Microdischarges

Fig. 2. Schematic diagram of micro-discharge bursts during
applied sinusoidal voltage.

quantities. If we denote the discharge voltage Vps as
the average voltage across the discharge gap during
the active phases of the discharge, then the power (P)
can be expressed as follows:

P_l/TWdt—VD'S 1dt (8)
T AT

The products of such discharges are usually heat and
ozone generation. Both of these products can be used or
removed in a controlled manner according to the
requirements of the target application.

3. Experimental setup

The primary test chamber in which experiments were
carried out was a commercial freezer manufactured by a
leading supplier of supermarket freezer. A picture of the
system and the high voltage equipment used is presented
in Fig. 3.

A small evaporator (test section/coil) was mounted
inside this test chamber to quantify the effect of the
dielectric barrier discharge on frost melting. Two refrig-
eration loops were used in this setup. The first loop
maintained the primary test chamber air temperature
within the desired limits. The second loop was used to

Primary test
chamber

Test

section High voltage

AC power
supply

Humidifier

Fig. 3. Photograph of the freezer test chamber.



V. Tudor et al. | International Journal of Heat and Mass Transfer 48 (2005) 44284434 4431

|
§
L

i

——

Fig. 4. Photograph of the test evaporator with wire electrodes.

Table 1

Accuracy of the instrumentation

Device Accuracy of reading
Humidity +2% (Range: 0-100% RH)

0.1% of full scale

Less than 30 mV rms
output noise

Sample rates up to 5 GS/s
100 MHz bandwidth

AC high voltage amplifier

Digital oscilloscope

maintained the test evaporator temperature within de-
sired limits. The dimensions of the test evaporator were
0.35m x 0.12 m x 0.235 m. The evaporator had 34 fins
spaced 8 mm apart. The electrode used in these experi-
ments was an insulated wire electrode, which was
mounted between the fins of the evaporator as shown
in Fig. 4. An ultrasonic humidifier was placed in the test
chamber (see Fig. 3) to maintain the humidity levels
within predefined limits. The AC high voltage/high fre-
quency power supply consisted of a function generator,
a high voltage amplifier, and a digital oscilloscope. The
function generator was used to provide a low output
voltage (maximum of 10 V) and the shape of the desired
wave (i.e., a sine wave). The output of the function gen-
erator was then used as the input of the high voltage
amplifier, which, in turn, amplified the signal by a max-
imum of 2000 times. A digital oscilloscope was used to
monitor the amplitude, frequency and the shape of the
wave of both the voltage and the current at the output
of the power supply. The accuracy of the instrumenta-
tion used is presented in Table 1.

4. Results and discussion

The preliminary experiments in this study were con-
ducted using single-fin model structures having
100 mm length and 12 mm and 8 mm fin gaps. The
thickness of the fins was 1.2 mm. The results obtained
with the model fins will be presented first, followed by
the results for the prototype test evaporator (shown in
Fig. 4).

4.1. Frost melting in model fin geometry

When AC voltages of 7-12 kV with frequencies rang-
ing 700-3000 Hz were applied to wire electrodes placed
in the gap between two fins on which frost was accumu-
lated, intense melting of frost occurred. The fins were
cleared of frost within 2-3 min, removing the thermally
insulating frost layer and allowing air to flow again be-
tween the fins.

Fig. 5 presents the effect of the DBD heating tech-
nique on the melting of frost grown for 2 h with a fin
gap of 8 mm. The time needed to completely clear the
fins’ surface was about two minutes when the applied
voltage and frequency were V=12 kV and f'= 700 Hz.

The electrodes used in these experiments were Teflon-
based insulated wires. The dimensions of the wires were
D; =089 mm and D,=1.82 mm. The melting of the
frost was localized because of the distribution of the en-
ergy in the dielectric barrier discharge (see Fig. 6). As
can be seen in Fig. 5, the frost melted on the fins on each
side of the electrode, but the frost on the other side of
these fins did not melt.

This localized melting indicates that the discharge
was melting the frost layer by layer. Nozaki et al. [4,5]
estimated from their DBD experiments using one insu-
lated electrode (see Fig. 6a) that 80% of the input power
was converted into the heating of the electrodes. They
estimated 60% of the total power heated the dielectric
electrode, and 20% heated the metallic electrode. Since
the frost/ice formed on the cold fins has dielectric prop-
erties, the shape and energy distribution of the micro
discharge filaments is believed to be better represented
by Fig. 6b, even though the grounded fin is uninsulated
metal.

Temperature measurements on the fins in dry condi-
tions indicated a 20-30 °C increase in fin temperature
after several minutes. A uniform, steady, blue light
forming around the wire, associated with thin filaments,
was observed as the voltage reached our operating con-
ditions of voltage and frequency (see Fig. 7).

b c

Fig. 5. DBD frost melting on fins: (a) frost before DBD; (b)
DBD applied for 1 min and (c) DBD applied for 2 min.
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Fig. 6. Schematic of micro-discharge filaments (not to scale):
(a) single dielectric layer and (b) double dielectric layer.

The localized nature of this discharge makes this
technique very attractive for refrigeration systems, since
the air temperature in the gap does not increase substan-
tially. Also, the degree of frost removal is controllable,
so the air passages within the evaporator can be cleared
without removing all the frost, thereby minimizing the
heating of the evaporator.

4.2. Frost melting in the test evaporator

As shown in Fig. 8, fast frost melting was obtained
using an AC voltage of 12kV at frequencies from
700 Hz to 5000 Hz. As the frost started to melt layer
by layer, the gap between fins was cleared for unob-
structed air flow. Complete melting was obtained after
2-3 min.

As we attached electrodes to a larger area of the
evaporator, the current limit (/.. =10 mA) of the
power supply was exceeded, so the required voltage to
generate the corona could not be generated. For the size
of our test evaporator, our power supply could generate
enough power to defrost two entire fins. These two fins

Fig. 7. Photograph of corona around insulated electrode
between fins.

DBD melting|  DBD melting

NO DBD No DBD No DBD

Fig. 8. Defrosting using dielectric barrier discharge.

could be defrosted within about 3 min, with a power
consumption ranging 35-45 W.

The defrosting of the entire 32 fins of our evaporator
could be accomplished by wiring the evaporator in sec-
tions, and defrosting each section in turn, as shown in
Fig. 9. We estimated that the entire test evaporator
could defrost in about 50 min with a total energy con-
sumption of 130 kJ.

Besides saving energy, this defrosting technique
would minimize the food warming that occurs during
a defrost cycle of a freezer. In this defrosting technique,
only a small portion of the evaporator could be de-
frosted at any one time, so the average temperature of
the entire evaporator would be largely unaffected. Thus,
the temperature of the food in the refrigerator would not
increase, which would improve food quality. The
generation of ozone could also be beneficial as an anti-
bacterial treatment, as its concentration can be con-
trolled using ozone filters.

NoDBD DED melting NoDED

Fig. 9. Defrosting using DBD in each section of the
evaporator.
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5. Comments on the electrode dielectric properties

As explained above, DBD or corona heating is the
mechanism responsible for the frost melting via elec-
trodes to which high voltage AC power (7-2kV and
f=700-3000 Hz) is applied. To withstand potential
sparking and the harsh environment (i.e. corona dis-
charge), the dielectric electrodes must possess the follow-
ing properties:

High breakdown voltage.

High dielectric strength.

Low dissipation factors (to minimize power con-
sumption).

e Low dielectric absorption (to minimize heating of the
insulation).

A series of electrodes with insulation of various types
and thicknesses were tested to determine their effect on
corona melting. Experiments were conducted on a small
section of stand-alone fin stock (outside of the refrigera-
tion system). The wires were evaluated by monitoring
the fin temperature as a function of time. Sample fin
temperature measurements as a function of power con-
sumption are shown in Figs. 10 and 11.

As shown by Fig. 10, the temperature rise of the fin
was faster at a higher frequency applied voltage even
at the same input power, as expected.

A comparison of two electrodes with different insu-
lating materials is shown in Fig. 11. The irradiated poly-
olefin insulation (XLPE) heated the fin to a higher
temperature at a given power level than the FEP insula-
tion. Most of the insulation tested generated less heating
of the fin than these two types. It was also observed that
the fin temperatures for the polyolefin insulation wire
mounted on the fin were higher for the range of tested
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Fig. 10. Fin temperature as a function of power for an
electrode with 0.4 mm FEP insulation.
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Fig. 11. Fin temperature as a function of power consumption
for 0.4 mm FEP and 0.38 mm XLPE insulations.

frequencies, and for the same power levels compared
to those recorded when type 316 stainless steel wire
was used. This is graphically shown in Fig. 11.

Another difference among the types of insulation
tested was the length of time over which a corona could
be generated before the onset of sparking due to a
breakdown of the electrode’s insulation. The lifetime
of some tested insulation was as short as 25 min while
the XLPE and FEP insulations were still operational
after 24 h of continuous testing. This difference empha-
sizes the importance of the electrical properties required
by the electrode as presented above.

6. Frost melting via DBD versus electrical heating

We compared the defrost power consumption levels
required for the DBD/corona melting and the electrical
melting techniques. For DBD melting, the test evapora-
tor would require 36.5 m (120 ft) of electrodes length to
cover its surface area. DBD defrosting requires about
7 W per foot of electrode for 3-4 min to completely de-
frost the fins. Thus, the energy required for the DBD
process would be about 0.6 MJ/m (i.e. 50-60 W h per
foot).

The electrical defrosting technique required about
300 W of power for 15-20 min to defrost the evaporator.
Thus the energy requirements for electrical defrost was
about 1.0 MJ/m (about 75-100 W h per foot). There-
fore, the DBD melting technique would save about
0.4 MJ per meter of evaporator during each defrosting
cycle.

7. Conclusions

The innovative dielectric barrier discharge (DBD)
method of defrosting was discussed in this paper. The
DBD method requires the use of AC voltages in the
range of 7-12 kV at a frequency of 700-5000 Hz. Exper-
iments were also performed where defrosting was
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achieved at lower frequencies (i.e. 50 Hz). However,
additional tests are needed to quantify the more accurate
range of voltage and frequency requirements for opti-
mized defrosting. Defrosting an evaporator in sections
using this technique will minimize both the power load
required and the defrosting time, thus substantially
reducing the defrost power consumption, while also
avoiding frequent thermal cycling of the food products
for quality preservation. Our ongoing experiments in-
volve developing techniques to evaluate critical proper-
ties of the insulation on the electrodes, thus improve
life and reliability of the electrodes.
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