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An Experimental Study on the Defrosting Behavior
of a Fin—-Tube Heat Exchanger
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Abstract

The effect of various conditions of frosting and defrosting on the defrosting behavior
of a fin—tube heat exchanger has been examined experimentally. An electric heater is used
for defrosting in a fin—tube heat exchanger. There are several local maxima in the water
draining rate. The amount of residual water on the heat exchanger after completion of
defrosting is kept constant due to surface tension on the heat exchanger. Without consider-
ing degradation of the thermal performance due to the frosting, the defrosting efficiency is
improved with increasing amount of frost irrespective of the frosting condition. The defrost-
ing behavior is affected by frosting density as well as frost accumulation, both of which
vary with the experimental operating conditions. The heat loss to the surrounding air decr-
eases, and melting and defrosting efficiencies show high values with decreasing heat input.
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trest : Rest period, [min]
w : Water draining rate, [g/s]
wrest : Water draining rate at rest period,

[g/s]

Greek Symbols

7d  : Defrosting efficiency, [%]
7m : Melting efficiency, [%]
rd  : Defrosting time, [min]
rm  : Melting time, [min]

1. Introduction

Frost forms on the cooling surface of a low
temperature heat exchanger when water vapor
in the surrounding air adheres to the cooling
surface via simultaneous heat and mass transfer.
The frost reduces the heat transfer rate, and
also degrades the performance of the refrigera—
tion system by reducing the air flow area inside
the heat exchanger. Therefore, in order to main-
tain the proper performance of the heat exchan-
ger, defrosting should be activated periodically
to remove such frost. However, the entire refr-
igeration system has to be paused when defro-
sting is active, and excessive defrosting heat
supplied to the system degrades performance as
well. Hence, both frosting and defrosting degr-
ade the refrigeration system performance.

Despite the importance of defrosting, most of
the focus has been on understanding the gene-
ral phenomena during frosting process.’™ Only
few previous studies on defrosting have been
conducted, and these can be classified into three
categories — 1) the defrosting mechanism and
scheme ; 2) evaluation of the defrosting perfor-
mance; 3) adaptive demand defrost.

On the defrosting mechanism and scheme,

Acki et al.™ proposed the defrosting model for
snow melting in a test box by heating from the
bottom surface, and compared numerical results
with experimental data by dividing entire defro-
sting process into three periods - the melting
preparation period, the frost melting period, and
the moisture removal period. Inaba et al. (012
proposed a method to remove frost with radi-
ation heat from an infrared lamp to a vertical/
parallel plate. On the evaluation of the defrost-
ing performance, Sugawara et al.""® investig-
ated hot gas defrosting used in heat pumps
and proposed a defrosting efficiency which takes
into account the melting efficiency and the
moisture removal period. On adaptive demand
defrost, Allard et al“” proposed a refrigeration
system which can maintain refrigerating effici-
ency by introducing the concept that defrost
starts at the required time, and Knoop et al%®
presented an adaptive demand defrost based on
the fact that moisture enters the refrigerator
only when the door is open.

Since defrosting is an unsteady, 2-phase heat
transfer process and the shape of the actual
heat exchanger is rather complicated, difficulties
arise in conducting the theoretical and experi-
mental investigations. Therefore, there are few
studies on defrosting in the heat exchanger.
Moreover, experimental data related to defrost-
ing using electric heaters, which are commonly
employed in refrigerators, are not available.

In this study, an experiment on frosting in a
fin-tube heat exchanger and a defrosting expe-
riment have been conducted to investigate the
characteristics of defrosting for various condi-
tions of frosting and defrosting.

2. Experiment

2.1 Experimental apparatus
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Fig.l Schematic diagram of experimental appara-
tus.

Figure 1 shows a schematic diagram of the
experimental apparatus. A fin-tube heat excha-
nger is installed in the test section to which a
thermal insulator is attached to minimize heat
loss. The front side of the test section is con-
structed from an acrylic resin plate to observe
frosting and defrosting behavior. The tempera-
ture and humidity of the air induced into the
test section are controlled by experimental con-
ditions pre-determined by a climate chamber
equipped with a refrigerator and a dry/wet bulb
heater. The air flow rate brought into the test
section is kept constant using an inverter
installed in the fan, and a flow straightener is
placed in front of the test section in order to

make the air flow uniform. A solution of ethy-

leneglyeol and distilled water is used as the '

refrigerant. The surface temperature of the heat
exchanger is Kept constant hy circulating the
refrigerant with a pump and the flow rate of
the refrigerant is controlled by transforming the
number of revolutions of the pump, operated by
a signal fed back from the flowmeter. The ele-
ctric power supplied to the electric heater is
conirolled by slidacs, and is measured by a
digital wattmeter.

Figure 2 shows the fin-tube exchanger st~
alled inside the test section. There are two
columns and eight rows of tubes in the heat
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Fig.3 Side view of test section during the
defrosting period.

exchanger, and the length of the tube, not inc-
luding the curved section, is 400 mm. The pin
pitches of each row of the heat exchanger are
arranged as 20, 10, 10, 7, 7, 5 5 5 mm,
respectively, from the bottom row. An electric
heater is connected to the fins staggered betw-
gen the tubes. To measure the temperature of
the fin, tube and heater in the heat exchanger
during the defrosting period, type~T thermoco-
uples{ ¢ 0.1 mm) are placed at the center of the
upper, middle, and lower sections of the heat
exchanger.

2.2 Experimental method

First, the inlet air is induced into the test
section at a fixed velocity, and the circulating
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air temperature and humidity are also controlled.
At the same time, the refrigerant in the brine
tank is cooled to a pre-determined temperature.
After the inlet air temperature and the refrige-
rant temperature reach their preset values, the
frosting experiment starts by circulating the
refrigerant through the heat exchanger. When
the frosting experiment is done, the defrosting
experiment starts by stopping the air flow into
the circulation section and turning on the defr-
osting heater. At this time, sheets of tissue,
which are weighed in advance, are laid on a
drain water tray placed on the lower part of
the test section to measure the amount of dra-
ining water as shown in Fig.3. The tray is

exchanged at fixed time intervals, and the am~-

ount of the water drained is calculated by
subtracting the initial weight of the tissues from
the total weight. The tissues are measured with
a digital chemical balance, and they are replaced
at every exchange. When the tube surface tem-
perature of the central location of the upper
section of the heat exchanger reaches 14T, the
heat supply from the electric heater is suspen-
ded. After a certain resting(layoff) period, the
defrosting experiment ends. Finally, the amount
of residual water which remains on the fin and
tube surfaces are measured.

To investigate the defrosting performance of
the heat exchanger, we define melting and def-
rosting efficiencies as follows :

- L

7/m - q terz-m (1)
_ _mlL

Na = Qreator Ta (2)

The uncertainties of the data in the amount
of frost, the supplied power, and the melting
and defrosting efficiencies are £6.85%, *1.8%,

and *£7.08%, respectively.
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weight of draining water with defrost-
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3. Experimental results and discus-
sions

The standard experimental conditions for
frosting are as follows: inlet air temperature of
6T, relative humidity of 70%, and initial inlet
air velocity of 135 m/s. The frosting experi-
ment continues for 3 hours. The standard heat
supply for defrosting is 167 W. When the tube
surface temperature of the central location of
the upper section of the heat exchanger reaches
14T, the defrosting experiment ends. To inve-
stigate the influence of frosting conditions on
the defrosting behavior, the experimental para-
meters are varied in such a way that inlet air
humidity is varied from 50 to 86%, and the in-
itial inlet air velocity from 1.35 to 2.0 m/s. The
power supply of heater is also varied from 70
to 220 W.

3.1 General characteristics of defrosting

General characteristics of defrosting can be
deduced from the temperature variation of each
component and the corresponding behavior of
the draining water. Fig4 shows the time history
of water draining rate and the total amount of
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draining water. The time when the draining
water is first discharged from the heat excha-
nger is about 7 minutes after the heat is supp-
lied to the electric heater and the amount is
very small. The draining rate gradually increa-
ses with time, and the first local maximum va-
lue appears at about t=20 min. After that it
shows rather oscillating pattern and appears the
last local maximum appears at about ¢=23 min.
Thereafter, the draining rate decreases drastic-
ally. The defrosting ends at t=37.2 min when
the surface temperature of the tube reaches 14
€ and the power supplied to the heater is su-
spended. According to such behavior of the dr-
aining water, the total amount of draining water
increases noticeably between =10 min and the
defrost ending time. However, only a trace of
melting water drains out after the power supply
is suspended.

A noticeable characteristic of the draining
water shown in Fig.4 is that there exist sev-
eral local maxima in the water draining rate.
To analyze this phenomenon, it is necessary to
understand the frost melting mechanism. The
frost on the heat exchanger is a porous medi-
um and thus melting water does not drain ins-
tantaneously but permeate through the inside
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of the frost by capillarity when heat from the
heater is supplied. When the water inside the
frost becomes saturated, it starts to drain. Th-
eoretically, the distribution of the water drain-
ing rate over time should have a smoothly cu-
rved shape. In reality however, there are seve-
ral local maxima because the frost, on the fin-
tubes, drops(by gravity) before it is fully satu-
rated with the permeated water and it is added
to the total amount of draining water with
pure melting water. The first local maximum
shows the maximum draining rate because a
large amount of frost is drained along with
melting water as discussed above. These phen-
omena are observable by the naked eye. At the
final local maximum at t=28 min, only pure
melting water has drained.

From the characteristics of the surface tem-
perature of the fin-tube of the heat exchanger
as shown in Figh, the defrosting process can
be divided into four periods: the melting prepa-
ration period(tp); the frost melting period(tm);
the moisture removal period(t;); and the rest
period(trest). During the melting preparation per-
iod, the temperature of the fin-tube rises to 0
T, and it lasts for about 27 % of the defrost-
ing time{ 74), up to t=10 min after the start-
ing of defrosting. Heat supplied in this period
is consumed to raise the frost temperature. The
frost melting period is when the temperature of
the fin—tube remains constant at 0C and the
frost starts to melt, up to £=28 min, which
takes about 48 9% of defrosting time. During the
moisture removal périod, the temperature of the
fin-tube rises to the defrost ending temperature
of 14 C at t=37.2 min, and takes about 25 % of
the defrosting time. In this period, completely
melted frost is discharged as drain water. The
rest period is when the residual water comple-
tely drains out for 13 minutes after the heat
supplied from the heater is suspended. In this
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period, only 049% of the total amount of the
frost deposited is discharged.

Here, the frost melting period may be regar-
ded as the actual defrosting period. Starting
from this period, the frost on the fin-tube
starts to melt, and frost and melting water
coexist. During this period, over 75% of the
melting water has drained, not including the
residual water, and it consumes about 48 % of
the power supplied. Most of the local maxima
of the water draining rate also exist during
this period. About 10 min after the beginning
of the frost melting period, the first local max-
imum of the water draining rate appears and it
shows a maximum amount of the frost melting
discharged. Right after the end of the period, 1.
e., at about t=28 min, the last local maximum
of the water draining rate appears.

Variations of air temperature in the test sec-
tion and of temperature of the heater are also
shown in Fig.5. The heater temperature was
initially
that of the fin-tube. Moreover, the temperature

—15C, however it rises faster than

rises continuously without a period held at 0C
because the frost on the heater melts very fast
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Fig .6 The ratio of frost melting period and
melting time with the weight of frost

for relative humidity.
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by heat transferred from the heater. Major
portion of the drain water at the early stage is
due to the frost on the heater. Initial air tem-
perature in the test section is about —117T,
somewhat higher than that of the other comp-
onents, when defrosting starts. During the
melting preparation period, the temperature rises
abruptly but during the frost melting period it
stays constant like the fin-tube temperature.
This results from the fact that heat loss to the
surrounding air decreases as the heat from the
heater is consumed to melt the frost deposited
on the fin-tube. During the moisture removal
period, the heat from the heater increases the
heat transfer to the surrounding air by d‘)nvec—
tion. Hence, the air temperature continues to
rise, finally reaching that of the fin-tube at the
end of defrosting period.

3.2 The effects of operating parameters
on the frosting

Figure 6 shows the melting time(zm) and
the ratio of the frost melting period(tm) to
defrosting time( r4) as a function of the amount
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melting time with the weight of frost
for air velocity.
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of frost with varying inlet relative humidity.
The melting time becomes constant over a
certain amount of frost. It may be attributed to
the fact that the frost melting velocity becomes
faster due to the easy permeation of the melt-
ing water through the frost layer, since frost
with a relatively low density forms on the fin-
tube when the relative humidity is high. Ther-
efore, the ratio of the frost melting period to
defrosting time decreases because the frost
melting time does not increase as much as the
amount of frost.

Figure 7 shows the melting time and the ratio
of the frost melting period to defrosting time
as a function of the weight of frost for various
air velocities. The melting time increases linea-
rly with the weight of frost. This differs from
the case of controlling the inlet air humidity and
is due to the fact that the frost with relatively
high density forms as the inlet air velocity is
increased and thus it is difficult to melt the
frost. Therefore the ratio of the frost melting
period to defrosting time increases with the
weight of the frost. However, the rate slows
over a certain amount of frost because the def-
rosting time increases with an increasing ratio
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Fig.8 Melting and defrosting efficiencies and
residual water weight with the weight

of frost for relative humidity.

of frost melting time at some point.

Figure 8 shows the melting( 7 m) and defros—
ting( 7 4) efficiencies, and residual water weight
with the weight of frost for various relative h-
umidities of the inlet air. Both melting and de-
frosting efficiencies increase linearly with the
weight of frost. This results from the fact that
the ratio of melting time decreases because the
density of frost becomes relatively low, resulting
in a fast frost melting velocity. However, the
amount of residual water on the heat exchanger
remains constant, irrespective of the amount of
frost due to the influence of surface tension
which represents the individual characteristics
of the heat exchanger.

Figure 9 shows the melting and defrosting
efficiencies as a function of the amount of frost
with varying inlet air velocity. The melting and
defrosting efficiencies increase linearly but their
slopes are small compared to those with varying
inlet air humidity. This results from the fact
that the melting time increases linearly as ex-
plained above. The efficiency marginally impro-
ves because the duration of the melting and
defrosting periods do not increase as much as
the frost does. Therefore, the defrosting efficie-
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Fig.9 Melting and defrosting efficiencies with
the weight of frost for air velocity.
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ncy will increase when defrosting starts with a
largeamount of frost, irrespective of the frosting
condition, if one considers only the effectiveness
of the defrosting without taking into considera-
tion the degradation of the thermal performance
due to the _frosting as shown in Figs. 8 and 9.
In Fig.10 the defrosting behavior in the case
of controlled inlet air humidity(1.35 m/s, 78 %)
is compared with that of the case of controlled
initial inlet air velocity(1.8 m/s, 70%) when a
similar amount of frost forms. The draining of
melting water takes place earlier when the air
velocity 1s controlled, but the local maximum
point of the draining rate of the melting water
shows rather similar behavior. The defrosting
time increases somewhat and the curve of the
water draining rate shows a wider distribution
with a small value. This may be attributed to
the fact that the melting water drains away
continuously because the melting velocity of
the frost becomes slow, even if the draining of
melting water occurs earlier than the frost
with a low density. This is due to the
difficulties of the permeation of melting water
through the frost layer since the frost with a
relatively high density forms on the fin-tube
when controlling the initial inlet air velocity.

0.8
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--®-- 1.8 m/s, 70%, m¢= 6199
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Fig.10 Water draining rate with defrosting tirme.

3.3 The influence of supplying power
for defrosting

Figure 11 shows how the water draining rate
varies with the supplied power under standard
conditions for frosting. When the supplied pow-
er is less than the standard value of 167 W,
the curve of the draining rate of melting water -
shows a moderate slope during the defrosting
period, and a considerably large amount of me-
Iting water is drained during the rest period.
Moreover, when the supplied poweris 70 W,
the defrosting time increases by 44% compared
to that of the standard heat input. When the
heat input is large, the defrosting time becomes
shorter, the maximum water draining rate bec-
omes higher, and there is little water draining
during the rest period. The reason why the
maximum water draining rate becomes higher
with higher heat input is due to the fact that
the defrosting time becomes shorter due to
faster melting of the frost during the early pe-
riod of defrosting, and a large amount of frost,
which is not sufficiently permeated by the me-
Iting water, is drained.

Figure 12 shows the variation of air temper-
ature inside the test section with a varying su-
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Fig.11 Water draining rate with defrosting time
for supplying power.
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pply of power. In an actual refrigeration system,
the temperature of the air around the heat exc-
hanger during the defrosting period increases a
lot, causing the degradation of the thermal pe-
rformance of the refrigerating and freezing eq-
uipment. As shown in the figure, the higher the
supply of power, the shorter the melting time,
however the surrounding air experiences a rel-
atively high temperature increase. This results
from the increasing heat loss to the surround-
ing air with a higher supply of power.

Shown in Fig.13 are the melting anddefro-
sting efficiencies with varying power supplies.
When the power supply is less than 120 W,
both melting and defrosting efficiencies are
high at 100 % and 80 %, respectively, for 70 W,
On the other hand, when the power supply is
over 120 W, the melting and defrosting effici-
encies are 60% and 55 %, respectively. At a
lower supply of power, the melting and defros-
ting efficiencies increase because of the reduc-
tion of the total supplied power, due to frost
melting by permeation of melting water as well
as lower heat loss to the surrounding air. In
the case of high supplying power, both the
melting and the defrosting efficiencies remain
constant. This may be attributed to the fact
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Fig.12 The variation of air temperature with
defrosting time for supplying power.

that the total supplied power becomes similar
due to the increasing heat loss to the surroun-
ding air with the high supply of power, altho-
ugh a relatively large amount of unmelted frost
is drained in this case.

4. Conclusions

In this study, experiments on the behavior of
defrosting in a fin-tube heat exchanger have
been conducted for various conditions of frost-—
ing and defrosting. The conclusions from the
present work are as follows;

(1) Owing to a large amount of draining of
the incompletely melted frost during the early
stage of defrosting period, there are several lo-
cal maxima in the water draining rate.

(2) The amount of residual water on the heat
exchanger after the completion of the defrost-
ing period remains constant, irrespective of the
conditions of frosting and defrosting due to the
influence of surface tension.

(3) The defrosting efficiency will be increased
when defrosting starts with a large amount of
frost, irrespective of the frosting condition, if
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Fig.13 Melting and defrosting efficiencies with
supplying power.
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one considers only the effectiveness of the def-
rosting without taking into consideration the
degradation of the thermal performance due to
the frosting.

(4) It is also shown that the quantities such
as meliing / defrosting time, melting / defrosting
efficiency, etc., vary with the experimental ope-
rating conditions during the frosting period, and
the defrosting behavior is affected by the frost
density as well as the amount of frost.

(5) With decreasing heat input, the heat loss
to the surrounding air decreases, and the melt-
ing and defrosting efficiencies become high.
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