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Typically, condensate forms as droplets on the fin surfaces and may bridge the space between
the fin surfaces. This is due to the dry characteristics inherent to the fin surface. The droplets
increase the air-side pressure drop. In the case of high air velocities, these droplets may be blown
off the fins and entrained in the air stream. To minimize the formation of condensate droplet,
the wet ability of the fins must be improved. The carry-over velocity is affected by fin surface
characteristics. To avoid carry-over in the air conditioner having the highest air velocity of 1.5
m/sec, the dynamic contact angle (DCA) should be at least lowly under 60°.

Key Words : Carry-Over, Evaporator, Hydrophilicity, Condensation,
Plate Fin-Tube Heat Exchanger

Nomenclature

DCA : Dynamic Contact Angle [°]

FPI  : Number of Fins Per Inch

Gair . Mass flow rate of air [kg/hr]

s - Calculated condensation rate [kg/hr]

SCA ' Static Contact Angle [°]

Wi . Absolute humidity of entering air [kg/
kg]

Wo ! Absolute humidity of exit air [kg/kg]

APdry : Pressure drop of dry coil [mmAq]

in air conditioning equipment typically uses alu-
minium fins. Because the surface temperature of
the fins on the tube is below the dew point, mois-
ture condenses on the fins, and the condensate
typically has a high contact angle on the alu-
minium fins, the water adheres as droplets, result-
ing in an increase air pressure drop. Eventually,
the droplets agglomerate and the liquid intermit-
tently drains from the fins. These droplets may be
blown off the fins and entrained in the air stream.
1. Introduction Normally. it is called carry—(?ver phenomen(?n. In
general, in order to restrain these undesirable
phenomena and increase critical air velocity for

The dehumidification process of heat exchanger . . ol
carry-over, conventional air conditioning evapo-
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Brown et al. (1994) presented an analytical model,
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uniform fluid stream. That model was compared
to an experiment in which three-millimeter diam-
eter polypropolyene spheres (specific gravity=
0.91) were dropped in a uniform air stream (ve-
locity varies from 0.9 to 3.8 m/s). Ha et al. (1998)
has shown that as wet-to-dry cycle increases,
dynamic contact angle increases locally, resulting
in the droplets agglomerating and the liquid in-
termittently draining from fin surfaces. As a result
of experiment, (1) Air side wet-to-dry pressure
drop ratio can be correlated with static water
holding capacity in heat exchanger (2) Good
wettability surface need less time to reach fully
wetted saturation than poor wettability surface do
(3) A dry pressure drop model could predict slit
fin pressure drop (4) Wet-to-dry pressure drop
model for dropwise condensation was proposed.
Ha et al.(1999) investigated condensation curve
from partially to fully wet condition is proposed
for air-side pressure drop, mass transfer rate, and
air mass flux as wet exposed time increases. Five
distinct regimes with respect to wet exposed time ;
no wet, partial dropwise, partial film with drop-
wise, filmwise developing, developed filmwise ;
show different slope in airside pressure drop and
condensate drainage out of heat exchangers. Hong
(1996) presented that three different fin geome-
tries (wavy, lanced and louver) were tested and
showed that the ratios of the wet-to-dry pressure
drop of all heat exchangers were 1.2 at 2.5 m/s
frontal air velocity. It was also found that the
coatings have no influence on the heat transfer
characteristics. A carry-over model for a coated
heat exchanger was developed and the prediction
from the model was compared with experiment.
The model predicted the carry-over velocity
within £15%. The experiment showed that the
water carry-over occurred when the free flow rate
velocity was greater than 7.62%+1 m/s. The objec-
tive of this experimental study is to investigate
the carry-over phenomenon according to wetting
performance out of surface characteristics. And
this study includes the inclined and bended type
evaporators applied in the air-conditioning sys-
tem at the partially and fully wetted condition.
The results from this study have been useful in
form of air conditioning design tool.

2. Experiments

2.1 Experimental apparatus

Figure 1 shows a schematic diagram of experi-
mental apparatus. The system consists of three
independent parts ; a water supply loop, a psy-
chrometric chamber and a wind tunnel. The water
supply loop consists of a constant water bath, a
heater, a refrigerant supply system, a 2HP stain-
less steel pump and a mass flow meter. The psy-
chrometric chamber includes an air handling unit
and an air-sampling unit. The wind tunnel based
on ASHRAE standard includes nozzles to mea-
sure airflow rate. Dry and wet bulb temperature
at the entrance and the exit are measured by RTD
(Pt 100Q) sensors with accuracy of 0.05°C. The
data are collected and sent to data acquisition
system. Dynamic Contact Angle (DCA) can be
applied to evaluate the wettabillity performance
and amount of condensed water droplets remain-
ed on the surface of the evaporator. The surface
tension can be calculated using DCA by means of
measuring the surface tension when a test sample
is receded and proceeded in the water, and con-
versing it into an angle form. The DCA measur-
ing equipment (Sigma 70 manufactured by KSV)
is used in this study. The transparent acrylic plate
is installed at the position of 254 mm underside
from the evaporator so that the carry-over phe-
nomenon is observed and the air velocity is mea-
sured corresponding to the first and continuous
drop of the condensated water. Laser Doppler
Anemometer (LDA) system (DANTEC) is used
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Fig. 1 Schematic diagram of the experimental appa-
ratus for the test room control
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to measure the exact air velocity in the front of
evaporator. LDA system (DANTEC), which has
a light source of Ar-ion laser, is an optical ar-
rangement with all directional dispersion of 0.998
mm Gaussian beam diameter. Operational range
of 3-dimensional probe traverse equipment is
540mm X 540mm X 540 mm with a minimum mov-
ing distance of 0.5 mm. A smoke generator (Model
2001) is used to generate paraffin oil particle for
measurement of air velocity.

2.2 Test samples

Figure 2 shows the typical structure of plate
fin-and-tube heat exchanger for air condition-
ing system. It consists of aluminum fin and @7
mm copper tube with staggered arrangement and
Table 1 shows the detail specification of the
evaporator. Fig. 3 shows a typical slit fin, which
enhance convective heat transfer due to turbu-
lence and mixing of boundary layer. In case of
uncoated aluminum fins, dynamic contact angle is
high. When it is applied to wet coil, condensate
typically maintain a high dynamic contact angle
on the aluminum fins, the water adheres as drop-
lets, resulting in an increase of air side pressure
drop. Figs. 3(a) and 3(c) are the hydrophilic sur-
face. In practice, wettability can be defined by the
degree of continuity and uniformity of condensate
film at fully wetted condition. In order to investi-
gate the effect of wettability on wet coil perform-
ance, the different surfaces ; uncoated and coated
material are used classified by static and dynamic
contact angle. Fig. 3 shows contact angle of sam-
ples. Prior to the experiment about carry-over
phenomenon for the bending type evaporator, the
experiment with straight type evaporator is con-
ducted. Fig. 4 shows the installation of test sam-
ples. The straight type evaporator is installed with
45° inclined to test the bending type evaporator
that is inclined 45° in the upper part. The straight
type heat exchanger consists of 2 rows 9 columns
of the tube and slit-shaped fins of 18 FPI (Fins
Per Inch). Bending type evaporator used in this
study, which consists of 2 rows, 10 columns of
tube and fins of 18 FPI. In case of partially wet
test, the cooled water for dehumidifying evapo-
rator is applied to the upper part of evaporator
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but not applied to the lower part of evaporator.
Typically horizontal travel distance of condensate
water from evaporator is dependent on air stream
velocity, gravity force and drag force. Therefore it
is needed to test which is done with the upper part

Table 1 Specification of the evaporator

Row Size Fin
Type
X Column|w XD XH (mm) | Pattern | FPI
Straight 2X9 310X25.4 X189 Slit 18
Bending | 2X10 472X25.4X210 Slit 18

Fig. 2 Typical structure of the plate fin-and-tube

heat exchanger for air conditioning system

(a) Coated

(b) Uncoated

() Coated

Fig. 3 Photographs of slit fin surface

Water inlet q) Mass flowmeter
L ]

@ Water outlet

A

Fig. 4 Test circuit (Slit fins, 2R 9C 310 mmW, 7.0
mm, 18 FPI) for carry-over test
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wet condition in evaporator and the lower part
dry condition.

2.3 Test conditions

Table 2 lists the test conditions and Fig. 5
shows the test circuit. Tube side water flow rate is
sustained more than 200 kg/h corresponding to
Reynolds number, which is more than 10,000. To
make the average water side temperature same as
practical air conditioner, tube inlet and outlet
temperature are set to 5°C and 10°C, respectively
so fin surfaces are maintained fully wetted. The
amount of condensate drainage is measured by
precise scale from which RS232C transfer data
to data acquisition system. All data have energy
balance within the accuracy of 3%. The test range
of the frontal air velocity is from 0.5 to 5.0 m/sec
and the frontal air velocity is increased by 0.5
m/sec for each step. Experiment for the fully and
partially wetted evaporator is executed with the
cold water circulating the whole path of the evapo-
rator and only upper side of the evaporator, re-
spectively.

Table 2 Test conditions for carry-over test

Parameters Ranges
Inlet dry bulb temp., C 27
Air Inlet wet bulb temp., C 19.5
Frontal air velocity, m/s 0.5~5.0
Inlet temperature, C 5.0
Water Flow rate, kg/h 200~ 550
Reynolds number >10,000
Fully Partially
Wetted Wetted
Air, ¥
‘ Wet
(a) Straight type evaporator
Fully Partially
Wetted Wetted

(b) Bending type evaporator

Fig. 5 Schematic diagram of installed samples
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3. Result and Discussion

3.1 Evaluation of sheet wet ability

Various methods can impart hydrophilicity to
the surface. In order to measure the dynamic
contact angle of a surface, Wilhelmy plate method
(Johnson and Dettre, 1969 ; Good, 1993) is used
to measure electrobalance force that is related to
the interfacial force between solid and liquid as a
function of time in this study shown in Fig. 6.

The equilibrium of forces in Fig. 6(b) is

F=po cos §—Bz+mg (1)

F is electrobalance force, p is wetted perimeter
of sheet, ¢ is surface tension of distilled water,
Bz is the buoyancy, m is the weight of sheet and
0 is the advancing and receding dynamic contact
angle when sheet is lowered and raised. We can
solve from the Eq. (1). The size of the sheet sam-
ple is 20 mm X 30 mm. To compare with dynamic
contact angle, the measurement method of water
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(a) (b)
Fig. 6 Measurement method of Wilhelmy plates:

(a) Schematic diagram and (b) Equilibrium
of force
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Fig. 7 Measurement of water droplet diameter
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Fig. 8 Advancing DCA (Dynamic Contact Angle)
according to the water droplet diameter

droplet diameter is used and shown in Fig. 7. This
method is simple to evaluate wettability perform-
ance of the surface.

Water droplet diameter=(A+B) /2 (2)

The wet ability of surface can be evaluated by
measuring the length of the water spread on the
surface. In this study, a caliper is used to measure
the water droplet diameter after dropping the
distilled water 0.01 ml. The water droplet diame-
ter is taken an arithmetic mean as is given in the
Eq. (2). Fig. 8 represents DCA according to wa-
ter droplet diameter. In reference to Fig. §, DCA
is highly related with water droplet diameter.
According to these results, DCA is applied to
sheet wettability performance index.

3.2 Carry-over velocity for straight type
evaporator

Figure 9 represents carry-over velocity corre-
sponding to DCA in the straight-type experiment
for the fully and partially wetted evaporator. The
outset of the carry-over as a first development of
water droplet is defined as the diameter of more
than Imm on the transparent acrylic plate, and
continuous carry-over as more than 5 times of
water droplet development within 3 minutes. Carry-
over velocity means the frontal air velocity on the
point of occurrence of outset. The evaporator is
dried before every experiment and the completion
of dryness is confirmed by comparing the pres-
sure drop with that of untested evaporator. The
carry-over velocity with variation 10°~65° of
DCA is constant in the case of fully wetted evapo-
rator. However, it is decreased by 1.5 m/sec with
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Fig. 9 Carry-over velocities corresponding to DCA
in straight type evaporator

increase of DCA from 85°. The carry-over veloc-
ity with increase of DCA from 85° is constant in
the case of partially wetted evaporator. However,
it is decreased by 1.0 m/sec with increase of DCA
from 10°~65°. There is 1.5~2.5 m/sec difference
between fully and partially carry-over velocity of
variation 10°~65° of DCA. From increase of
DCA from 85°, 1.0 m/s difference between fully
and partially carry-over velocity. According to
these results, the fully wetted evaporator is supe-
rior to partially wetted one in the carry-over
phenomenon. In case of the partially wetted evapo-
rator tends to be smaller than the average frontal
velocity due to the increase in the flow resistance
through the wetted part. But the outset of the car-
ry-over in straight type evaporator is the bound-
ary area between the wet and the dry area. There-
fore the carry-over velocity of the fully wetted
evaporator is higher than that of the partially wet
evaporator.

3.3 Drainage for straight type evaporator

Figure 10 shows the relationship of water
drainage weight according to the frontal air ve-
locity in the straight evaporator, which is install-
ed with inclination in the condition of fully wet.
Two types of evaporators, each surface character-
istics angles are 35° and 85° are prepared and test-
ed. Eq. (3) is applied to the amount of condensate
calculated from the airside and the amount of
really condensated water is collected from the
evaporator and measured the weight with preci-
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Fig. 10 Drain water according to frontal air velocity
in the straight type evaporator

sion balance obtained.
mcal:Gaz’rx (I/Vz_ Wo) <3>

Wicai, Gair, Wi and W, represent the calculated
condensated water, air flow rate, absolute humid-
ity of inlet air and absolute humidity of exit air,
respectively. The measured values have a good
agreement with the calculated value in the range
of the low frontal air velocity. As the frontal air
velocity increases, there is significant difference
between calculated and measured value. This re-
sult implies that the condensated water is scat-
tered by airflow from the evaporator. If the ex-
perimental time is increased, the humidity at the
exit that is used in calculation process [Eq. (3) ]
is affected by scattering of the condensate water.
However this test is almost finished within 20
minutes and there is a little difference in the
humidity at the exit between the initial and the
final stage.

3.4 Carry-over velocity for bending type
evaporator

The carry-over velocity has to be considered as
a very important factor according to the hydro-
philic characteristics in product design and has to
be checked at the partially wetted condition in
case of bending type evaporator. The real opera-
tion conditions are possible to be different from
the design condition. Consequently, the partially
wetted phenomenon can be occurred from the
change of the cycle characteristics, and the possi-
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Fig. 11 Carry-over velocities corresponding to
DCA in bending type evaporator

bility of occurrence of carry-over phenomenon is
very high if partially wetted condition is occurred
in the early stage of operation. Although existing
fins of Al PCM (Pre Coated Material) coated
with surfactant is superior in the initial hydro-
philic performance, it gets worse with operational
time. Therefore, the possibility of occurrence of
carry-over becomes high and it can be a cause of
the customer dissatisfaction.

The heat exchangers which are tested in this
experiment are 2 types ; coated fins and without
coating-treated. Fig. 11 shows the carry-over ve-
locity according to DCA in the fully and partially
wetted condition of bending type evaporator. The
critical air velocity for carry-over is 3.5 m/sec at
DCA 10°, and there is no decrease with increase
of DCA up to 65°. Finally, it is 1.5 m/sec from
85° of DCA. In case of partially wet experiment,
there is the highly decrease from 10° to 85°. There
is no change in carry-over velocity in the region
from 85° to 94°. Compared with Fig. 11 (straight
type experiment result), some different parts are
remained. Compared with straight type, bending
type evaporator result has a steep decrease ac-
cording to DCA. Consequently air-conditioning
system with bending type evaporator is more
dependent on the surface characteristics. The out-
set of the carry-over in bending type evaporator
is similar with the straight type evaporator, the
boundary area between the wet and the dry area.
And the existence of the bended area is highly
related with the dependence on the surface char-
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acteristics.

3.5 Drainage for bending type evaporator

Figure 12 shows the relationship of water drain-
age weight according to the frontal air velocity in
the bending evaporator. Test conditions are fully
wet and test evaporators are of two kinds being
tested in surface characteristics 35° and 85°. Eq.
(3) calculates the theoretical amount of the con-
densate water and the really condensated water is
collected from the evaporator and measured with
precision balance. The measured values match the
calculated ones in the range of the low frontal air
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Fig. 12 Drain water according to frontal air velocity

in the bending-type evaporator
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Fig. 13 Air velocity distributions in the upper side

of indoor unit installed with bending type
evaporator
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velocity. As the frontal air velocity is increased,
there is significant difference between calculated
and measured value. This result implies that the
condensated water is scattered by airflow from the
evaporator.

3.6 Air velocity distribution of indoor unit in
split type air-conditioner

Figure 13 represents the air velocity distribu-
tion that is measured by LDA in the upper side of
indoor unit installed with bending type evapo-
rator. As the result shows, air velocity peaks to
1.32 m/sec. According to Fig. 13, it is concluded
that the carry-over phenomenon of the partially
wetted bending type evaporator can be prevented
when DCA is less than 60° with considering the
safety factor of a bending type evaporator.

4. Conclusions

According to the experiment for the carry-over
phenomenon of evaporator, these conclusions are
obtained.

(1) The critical velocity for carry-over is af-
fected by the hydrophilic characteristics of evapo-
rator fin surface.

(2) For the straight-type evaporator, fully wetted
evaporator has almost 2 times of carry-over ve-
locity as compared to partially wetted one.

(3) For the bending type evaporator, carry-
over velocity of partially wetted evaporator is
highly dependent on the surface characteristics
compared with straight type evaporator.

(4) The amount of measured condensate is less
than that of the calculated one as the air flow
velocity increase. According to the difference be-
tween the measured amount and the calculated
one, it is analogized that the carry-over pheno-
menon is occurred.

(5) It can be concluded that the evaporator
without carry over issues in the DCA area is less
than 60° DCA of the fin surface. This test result
can be applied to design of a product after com-
paring the frontal air velocity of real evaporator
with carry-over velocity corresponding to the
hydrophilic performance.
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