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Cold Plate Temperature Effect on Droplet and Frost Crystal
Behaviors at the Early Condensation Frosting Stage Considering
Plate Edge Effect
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Abstract

The condensation frosting phenomenon commonly exists in engineering applications, and the relevant studies on flat plates
with fixed surface temperatures are the most concerned in related fields. The existing studies usually focus on droplet
condensation and frozen characteristics in the center region of cold plates and cannot reveal those near the plate edge.
Therefore, a systematic study from droplet condensation to frost layer growth stages in the edge region of a cold plate was
conducted in this paper. The experimental results showed that the frozen stage period of the edge-affected zone was
significantly smaller than that of the unaffected zone. The ratio of average freezing wave propagation velocity in the edge-
affected zone to that in the unaffected zone at plate temperatures of -9.0, -14.0, and -19.0 °C were 7.70, 5.56, and 5.11,
respectively. Besides, the area-average equivalent diameter and coverage area ratio of droplets decreased with a decrease in
plate temperature at the end of their respective droplet frozen stages. This study may help to better understand temporal
and spatial condensation frosting characteristics on a horizontal cold plate with right-angle edges, and guide the
establishment of a staged and divisional frosting model on cold plates.
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1. Introduction investigating the frosting mechanism and characteristic in

Frosting widely occurs in many fields of human production
and life, such as meteorology,!*! transportation?! electric
power communication,®® and energy application.” In most of
these fields, frosting usually brings negative impacts,
especially in engineering applications. For example, frost may
increase air side thermal resistance and pressure drop of the
outdoor coil for an air source heat pump, which significantly
worsens its heating performance.8 Similarly, frost may also
block the air passages of the evaporator for a refrigerator and
reduce its cooling capacity and efficiency.? In general,
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depth is the primary task to resolve the frosting problem. From
the perspective of avoiding or delaying frosting, it is necessary
to better understand the influencing factors of frosting and the
corresponding action mechanisms.®®! From the perspective of
defrosting, a better understanding of frost property parameters
and distribution characteristics can help to optimize the system
control strategy.®'9 Therefore, frosting mechanism and
characteristic is consistently a hot topic in the relevant
research fields.

In general, frosting type can be divided into condensation
frosting and de-sublimation frosting based on the frosting
mechanism. Since the de-sublimation frosting mainly occurs
at an ultra-low surface temperature.l'tl or water vapor
pressure,2 condensation frosting is much more common in
engineering applications. Besides, it is difficult to
quantitatively  investigate the condensation frosting
characteristics on most of the frosting components in practical
applications due to their complex structures. Therefore, the
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majority of relevant studies focused on condensation frosting
characteristics on cold surfaces with simple structures, which
are also elements of complex frosting components.[*3! These
simple structures may be divided into five types, including flat
plates with fixed surface temperatures, flat plates with fixed
base temperatures, columns, parallel flat plates, and a set of
fins. For the latter four simple structures with uneven surface
temperatures or air side parameters, the relevant studies
mainly focused on their frost distribution characteristics. For
example, Kwon et al.'4l found that the frost layer was not
completely symmetric distribution based on the center base of
a flat plate but slightly thicker at its air side entrance. For a
round tube, Ramirez-Hernandez et al.l*%! indicated that frost
layer was thicker around its windward side, and the difference
in frost layer thickness between windward and leeward sides
decreased with an increase in Reynolds number. For a
horizontal parallel plate, Nascimento et al.l8! experimentally
demonstrated that frost layer thickness was fairly uniform
along its air flow direction. For a set of fins, Wu et al.ll"!
suggested that frost layer thickness was thicker at the air side
entrance and fin base and the amount of frost on windward fins
was greater than that on leeward fins.

Compared to the aforementioned simple structures, a flat
plate with fixed surface temperature was simpler and easier to
reveal condensation frosting mechanisms. Therefore, the
relevant studies on flat plates with fixed surface temperatures
were also the most concerned.[*3! Overall, these studies may be
classified based on the influencing factors of frosting, such as
air side frosting conditions, electric and magnetic fields, plate
inclination, plate surface treatment, and plate temperature.
With respect to air side frosting conditions, air temperature,
relative humidity, velocity, and fine particulate matter are
considered. In general, frost thickness could be larger when
the air relative humidity and velocity are higher. Frost density
could be larger when the air temperature and velocity are
higher.l8 For frost thickness, it was smaller when the air
temperature was higher in most of the relevant studies, but an
opposite trend can be found in studies conducted by Cheng
and Shiu® and Wang et al..”d For frost density, contrary
conclusions can be found in studies conducted by Hermes et
al.21 and Lee and Ro.[?2 Besides, fine particulate matter with
a diameter of 2.5 pm or less may accelerate heterogeneous
nucleation and hence promote frost growth.®! For the electric
field, Tudor and Ohadi®?41 found that a constant alternating
current field may accelerate frost growth but a sweeping
alternating current field effectively reduce frost amount by up
to 46%. Besides, employing a magnetic field can also
effectively restrain frost growth by reducing the growth rate of
droplets and delaying droplet solidification(!, For the plate
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inclination, the gravity effect on condensed droplets may be
increased with the increased inclination angle of the plate. The
related experimental results showed that the increased gravity
effect could help to prevent condensed droplets from merging,
and increase frost thickness but decrease frost density.[2627 For
the plate surface treatment, condensation frost growth may be
delayed due to the increased nucleation energy barrier and the
condensed droplets were more scattered as surface contact
angle increased.[28.29

Concerning the plate temperature, as the basic inducement
for the condensation frosting process, the relevant studies were
paid more attention. At the droplet condensation stage, critical
Gibbs free energy for water vapor condenses as stable droplets
decreased with a decrease in plate temperature. As a result,
droplet distribution density and radius increased with a
decrease in plate temperature.* Besides, droplet behavior
such as coalescence and jumping can be observed, especially
on hydrophobic surfaces.*4 It is noted that these droplets were
supercooled during this stage and the onset time of freezing
decreased with a decrease in plate temperature.t2 At the
droplet frozen stage, apart from the solidification of a single
droplet,®!, a notable phenomenon defined as freezing wave
propagation was reported by some researchers.l*35 The
freezing wave propagation increased with a decrease in plate
temperature. At the frost layer growth stage, frost crystal
morphology was significantly affected by plate temperature. It
usually changed from column to needle, sheath, sector, and
feather with a decrease in plate temperature.’? For frost
thickness and frost surface roughness, they both increased
with a decrease in plate temperature at this stage on horizontal
and vertical cold plates.®3 At the frost fully growth stage,
fluctuation in frost thickness due to reverse melting can be
observed. In general, it can be noted that most of the existing
droplet condensation and frozen characteristics can only
reveal those in the center region of cold plates while ignoring
the plate edge effect. However, the plate edge usually acts as
an initial nucleation site for droplet condensation and frozen. 3
The droplet condensation and frozen characteristics in the
edge region of cold plates should be further investigated.
Besides, frost thickness and surface roughness were mainly
obtained in terms of the frost layer in the edge region of cold
plates. Therefore, a systematic study should be carried out
from droplet condensation to frost layer growth stages in the
edge region of a cold plate.

Accordingly, in this study, the effects of cold plate
temperature on droplet and frost layer growth characteristics
at the early condensation frosting stage considering the plate
edge effect are experimentally investigated. This paper first
gives descriptions of a specific experimental setup, procedure,
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and conditions, as well as data reductions. Thereafter,
qualitative and quantitative analysis of the cold plate
temperature effect coupled with its edge effect on droplet
behavior, size and distribution characteristics, and frost crystal
behavior and frost layer growth characteristics are both
presented in detail. Finally, conclusions are provided. This
study may help to better understand temporal and spatial
condensation frosting characteristics on a horizontal cold plate
with a sharp edge, and guide the establishment of a staged and
divisional frosting model on cold plates. Moreover, this study
may also provide new insights into delaying frosting based on
the plate edge effect.

2. Methodology

2.1 Experimental setup

To facilitate the objective of this study, a specific experimental
setup was constructed, as shown in Fig. 1. The setup consisted
of an air conditioning system, air duct system, nitrogen
protection system, visualization system, and cold plate
temperature control system. The air conditioning system
mainly included a filter, variable speed air fan, air cooler,
electric heater, and humidifier, and can provide air flow at a
given temperature, relative humidity, and velocity. For the air
duct system, it was comprised of air ducts with thermal
insulation, an equalizer to realize even air distribution, and
acrylic plates in the test region for the convenience of
observing frosted cold plate. The nitrogen protection system
was comprised of a nitrogen mask and nitrogen pipe
connecting with the nitrogen gas tank, which can avoid droplet
condensation at the cooling stage of the experimental cold

plate. The visualization system was mainly comprised of two
cameras and a cold light source. In particular, one camera was
used for observing the cold plate from a top view and the other
from a side view.

For the cold plate temperature control system, it was
mainly comprised of a horizontal copper plate, thermoelectric
module, and heat exchanger. The thermoelectric module was
used for cooling the copper plate temperature and the heat
exchanger for taking away the heat from the thermoelectric
module. Besides, thermal grease was used for attaching the
aforementioned components closely and four thermocouples
were uniformly attached at the bottom of the copper plate to
measure its temperature. Considering that the thermal
conductivity of the experimental copper plate was 401 W/(m-k)
and its thickness was 2 mm, the temperature between its upper
and lower surface was less than 0.1 °C. Accordingly, these
thermocouples can be used for evaluating the surface
temperature of the copper plate. In terms of thermocouples, a
proportional integral derivative temperature controller has
been employed to control the thermoelectric module. The
surface temperature of the copper plate can be maintained at
the designated values with a deviation of 0.2 °C.

The details of the experimental copper plate can be found
in Fig. 2. As seen, the dimensions of the experimental copper
plate were 40 mm x 40 mm x 2 mm, and that of the field of
view by the top view camera was 2600 um x 1400 pm,
respectively. Besides, the wettability of the experimental
copper plate was hydrophilic, and the copper plate was
polished with sandpapers (P800) to eliminate obvious defects.
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Fig. 1 Schematic of the experimental setup.
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Fig. 2 Schematic of the field of view on the experimental plate and its contact angle.

Therefore, the uniformity of surface characteristics of the
experimental copper plate was good. The average values of the
contact angle, advancing angle, receding angle and contact
angle hysteresis for the experimental copper plate front and
side surfaces were 74.6° £2.2°,93.2° +3.1°, 60.3° +2.8°, and
32.9° £ 3.0° respectively. The specifications of the
corresponding experimental measuring instruments are shown
in Table 1.

Table 1. Specifications of the corresponding experimental
measuring instruments.

No. Item Type Accuracy
1 Air temperature T-TT-36 +0.15°C
) Air relative Rotronic +2%
humidity sensor HF320
3 Air velocity sensor EE650 +0.2 m/s
4 Cold plate T-TT-36 +0.15°C
temperature
5 Top view camera CCD AO- Resolution of 2592
508U x 1944
. . Canon-60D  Resolution of 1920
6 Side view camera
x 1080
7 Contact angle meter ASR-709B  +0.1°

2.2 Experimental procedure and conditions

Before each condensation frosting experiment, the following
two steps of preparation were necessary. The first step was to
adjust air side frosting conditions by the air conditioning
system and maintained the temperature, relative humidity, and
velocity of air flow passing through the experimental plate at

given values. The second step was to adjust the cold plate
temperature and maintained it at a given value. To avoid
droplet condensation on the experimental plate at this stage,
the plate was covered by a mask filled with nitrogen by
connecting it to a high-pressure nitrogen tank. Thereafter, the
condensation frosting experiment started with removing the
nitrogen mask. The experimental conditions were designed
referring to literature reviews carried out by Zhang et al.[**l and
Song and Dang,“ as shown in Table 2. As seen, there was a
total of five cases in this study, and the only difference among
them was the plate temperature. It can be noted that the plate
temperature was not uniformly spaced. This was because a
significant variation in frosting characteristics occurred before
and after -9.0 °C, which will be presented in detail in Section
3. The air temperature, relative humidity, dew point
temperature, velocity, and frosting time were 20.0 °C, 50%,
9.3°C, 1.5 m/s, and 1,200 s, respectively, for all cases.

2.3 Data reductions

To better quantitatively investigate frosting characteristics at
the early condensation frosting stage, three sub-stages can be
divided, as shown in Fig. 3. The first is the condensation stage,
during which water vapor in air nucleates on the cold plate
surface and gradually grows as small droplets. In particular,
droplet coalescence may occur when droplets continue to
grow and touch each other. The second is the frozen stage,
during which droplets freeze and freezing wave propagation
can be observed. The onset of freezing is the time point when
a frozen phenomenon first occurs in the field of view, while

Table 2. Experimental conditions.

Plate . Air relative . . Air Frosting
Air temperature . Air dew point . X
Case  temperature humidity velocity time
(°C) temperature (°C)
0 ) (nvs) (s)
1 -5.0
2 -8.0
3 -9.0 20.0 50% 9.3 1.5 1,200
4 -14.0
5 -19.0
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Fig. 3 Schematic of the sub-stage division

the termination of freezing is when the last droplet in the field
of view solidifies. In general, there are three modes of freezing
wave propagation. In 2013, Guadarrama-Cetina first proposed
that the freezing wave was mainly propagated by ice bridges,
which grew from frozen droplets to liquid droplets.l*d The
similar phenomenon has been demonstrated in many other
studies in terms of cold plates with different surface
characteristics.“>441 Apart from ice bridges, frost halo! and
freezing rain*®! have also been demonstrated as other ways of
propagation mechanisms. The last is the frost layer growth
stage, during which embryos first grow at the tops of droplets,
and then frost crystals grow three-dimensional. The
intertwined frost crystals form a layer of frost, which as a
whole mainly grow vertically to the cold surface.

In general, droplets close to the plate edge may be
significantly larger than others due to the edge effect for
regular plates without droplet jumping. The edge effect is
mainly caused by the following two reasons. The first is that
there may be more defects existing in the plate edge which
may lower the energy barrier of nucleation. The second is that
the heat and mass transfer rates near the plate edge may be
larger than other zones due to its geometric singularity.
Therefore, to better quantitatively investigate the plate edge
effect on the condensation frosting characteristics, the droplets
on the cold plate were further divided, as shown in Fig. 4. In
this study, the single row of larger droplets close to the plate
edge was defined as edge-affected droplets and the remained
droplets as unaffected droplets. Accordingly, the cold plate
was also further divided into an edge-affected zone and an
unaffected zone based on droplet division. It can be noted that
the edge-affected zone may be greater as the edge-affected
droplets got larger as time passed.

Based on the photos captured by the top view camera,
droplet size and distribution parameters during droplet
condensation and frozen stages can be evaluated. It was noted
that the droplets whose diameters were less than 20 um were
ignored in this study due to the resolution limit of the top view

© Engineered Science Publisher LLC 2023

at the early condensation frosting stage.

camera. Based on the droplet morphology characteristic on a
hydrophilic surface, the coverage area of a droplet in this study
was evaluated by equation (1) as follows:

Ay, = Npin X Ay Q)
where N, ;,, was the number of pixels covered by a droplet,
and A, the area of a pixel.

The area-average equivalent diameter of droplets*”l was
evaluated by equation (2) as follows:

N
4 Zi:‘X Aw,i

TNy,

D,, = 2)
where N,, was the number of droplets.

The coverage area ratio of droplets to the corresponding
zone can be evaluated by equation (3) as follows:
Z?I:M{Aw,i

R, =
A A

3)

where A was the corresponding zone area.
During the droplet frozen stage, the average freezing wave
propagation velocity was evaluated by equation (4) as follows:

- 4)

Vfw = E
where L was the equivalent distance in the corresponding zone,
and At the frozen stage period in the corresponding zone.

Based on the photos captured by the side view cameras, the
following droplet size and frost layer growth parameters can
be evaluated:

The average droplet height during droplet condensation
and frozen stages was evaluated by equation (5) as follows:

N
H _ Zi=M1}Hw,i
w= |/—

Ny

()

where H,, was the height of a droplet.
The average frost layer thickness during frost layer growth

stage was evaluated by equation (6) as follows:
5. _Ar
& =~ (6)

where Ay was the area of the frost layer measured by the side
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Fig. 4 Schematic of zone division for edge-affected and unaffected droplets.

view camera, and L’ the length of the edge zone.

Based on the average frost layer thickness, the frost layer
growth rate was evaluated by equation (7) as follows:

_ Sf(t+At’)’—Sf(t) )

At
where At was the time interval used for measuring frost
thickness.
The frost layer surface roughnessi*®l was evaluated by

equation (8) as follows:

N _
TP (8ri—58p)?

RMS; = e

®)
where Ng, was the number of sampling points,&;; the local
frost layer thickness of the sampling points.

The uncertainties of the aforementioned parameters can be
evaluated using the error propagation formula presented by
Rasul et al..[*] For example, the uncertainty of the frost layer
surface roughness was evaluated by equation (9) as follows:

2

Ngp( ORMSg - )
. —_—t 3 5f.—6
\/21=1 <6(6f’i—6f)u(5f,i_5f)x( £,

RMSj

)

In this study, the uncertainties of the area-average equivalent
diameter of droplets, the coverage area ratio of droplets, the
average height of droplets, frost layer thickness, frost layer
growth rate, and frost layer surface roughness were £2.4%, +
1.1%, £2.8%, +3.7%, +£2.9%, and £2.2%, respectively.

URmsy =

3. Results and discussion

3.1 Analysis of droplet behaviors

Generally, frosting phenomenon exists when the cold surface
temperature is lower than the dew-point temperature of
ambient air and lower than the triple-point temperature of the
water. In this study, the plate temperatures in all cases satisfied
the frosting conditions, but different phenomena can be
observed. As shown in Fig. 5, for Cases 1 and 2, droplets on
the cold plate surface continued to grow up and did not freeze

6 | Eng. Sci., 2023, 21, 801

during the entire 1,200-s frosting period. Although the plate
temperatures were lower than the triple point temperature of
water, these droplets consistently exist in a subcooled state.
This was because the supercooling degree of droplets was not
large enough to overcome the energy barrier of nucleation.
Obviously, the droplets were much larger when the plate
temperature was lower from -5.0 to -8.0 °C due to the higher
supercooling degree between the air stream and cold plate.
When the plate temperature was lowered to -9.0 °C, droplet
frozen phenomenon could be observed.

For Cases 3 to 5, it can be found that the onset time of
freezing was advanced with a decrease in plate temperature.
The onset time of freezing were 351, 108, and 42 s when the
plate temperatures were -9.0, -14.0, and -19.0 °C, respectively.
Besides, a significant difference in droplet size and
distribution can be observed between the edge-affected zone
and unaffected zone, which were defined in Section 2.3. In
particular, all the droplet frozen phenomena occurred firstly in
droplets near the plate edge, as indicated by the red circles in
photos of Cases 3 to 5. This was because the energy barrier of
nucleation near the plate edge was the lowest due to that more
defects may be formed in this zone. The heterogeneous
nucleation energy barrier®! can be evaluated by equation (10)
as follows:

20’,,[

(22 )20, £ (0)

3 “piRy Ty In(EY)

AG, (10)

where g;,, was the interfacial free energy between vapor and
liquid, and p; the liquid water density, R,, the gas constant for
water vapor, T, the vapor temperature, p,, the vapor partial
pressure of the humid air, p, the saturated vapor pressure at
the cold plate temperature, f(6) the function which indicated
the effect of the surface contact angle on the nucleation energy
barrier, as evaluated by equation (11) as follows:

(2+cos 8)(1—cos 6)?

f(6) = ¢

where 6 was the surface contact angle.

(11)
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Fig. 5 Photos of droplets condensation, frozen and frost layer growth stages.

It should be noted that f(8) increased with an increase in
6. For the experimental cold plate, defects could lower its
surface contact angle and hence the value of £(68). As a result,
the energy barrier of nucleation near the plate edge was the
lowest. More detailed differences in droplet size and
distribution characteristics caused by the edge effect will be
presented in Section 3.2.

During the droplet condensation stage, droplet coalescence
phenomenon occurs when two or more droplets touch each
other. For droplets near the plate edge, the droplet coalescence
phenomenon not only occurred between droplets that were
located on the same surface but also on two adjacent surfaces.
As shown in Fig. 6(a), droplets A, C, and D were located on
the front surface of cold plate, while droplet B on the side
surface of cold plate. As droplets continued to grow up,
droplets A and B coalesced and formed a new droplet E, while
droplets C and D coalesced and formed another new droplet F.
It should be noted that the new coalescent droplet in terms of
droplets on the front and side surfaces of cold plate may be
located on either of front or side surfaces. This is mainly

© Engineered Science Publisher LLC 2023

dependent on the combined effect of droplet surface tension
and droplet gravity. The droplet coalescence that occurred
between the front and side surfaces of the cold plate was also
one of the main reasons that resulted in much larger droplets
near the plate edge on its front surface than in other regions.
On the other hand, it can be noted that the freezing process
of droplets took place in sequence approximately, although no
ice bridges between droplets were observed. As shown in Fig.
6(b), the wave red dash line is used for distinguishing frozen
and unfrozen droplets and it varied as time passed. The red
dash line can be recognized as a freezing wave and its
variation as freezing wave propagation. It should be noted that
there may exist different freezing front propagation from the
plate edge when two or more droplets in the edge-affected
zone solidified at the same time due to the randomness of
nucleation. However, this phenomenon appeared less
frequently in our experiments and the corresponding
experiments were eliminated to ensure the uniformity of all
the cases. Therefore, there is only one front freezing wave
propagation in all the reported cases. Besides, it was also noted
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Fig. 6 Schematics of droplet coalescence and freezing wave propagation.

that the freezing process of droplets near the plate edge was
much faster than that in other regions. The quantitative
analysis will be presented in Section 3.2.

3.2 Droplet size and distribution characteristics

As demonstrated in Section 3.1, the differences in
condensation frosting characteristics among different plate
temperatures and plate zones were significant. Besides, as
mentioned in Section 2.3, the front surface of cold plate was
divided into an edge-affected zone and an unaffected zone
based on droplet size characteristics. To further quantitatively
investigate the effects of plate temperature and plate edge,
droplet size and distribution characteristics in edge-affected
and unaffected zones for Cases 1 to 5 are presented in this
section.

Figure 7 shows the stage periods in edge-affected and
unaffected zones for Cases 1 to 5. As seen, the droplet
condensation stage periods for Cases 1 and 2 were both larger
than 1,200 s and no frozen phenomena were observed. The
results demonstrated that droplets may steadily grow up in a
supercooled state even though the cold plate temperature was
lower to -8.0 °C under the experimental frosting conditions.
For Cases 3 to 5, the droplet condensation stage period
decreased with a decrease in plate temperature. It was 351 s at
a plate temperature of -9.0 °C, and decreased by 69.2% and
88.0% when the plate temperature decreased to -14.0 and -
19.0 °C, respectively. The frozen stage period of the edge-
affected zone was significantly smaller than that of the
unaffected zone. One reason was that the area of the edge-

8| Eng. Sci., 2023, 21, 801
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Fig. 7 Stage periods in edge-affected and unaffected zones for
Cases 1 to 5.

affected zone was much smaller than that of the unaffected
zone. Another reason was that the freezing wave propagation
velocity in the edge-affected zone was also smaller than that
of the unaffected zone due to their droplet size and distribution
characteristics. Besides, it can be found that the droplet frozen
stage period did not consistently decrease with a decrease in
plate temperature. Generally, the driving force for freezing
increased with a decrease in plate temperature. That was why
the frozen stage period for Case 5 was significantly smaller
than those for Cases 3 and 4. On the other hand, the number of
droplets for Case 3 was significantly less than that for Case 4
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due to its longer condensation stage, which may reduce the
total required time for freezing. As a result, the frozen stage
period for Case 4 was slightly larger than that for Case 3.
Considering the droplet condensation and frozen stages as the
initial frosting stage, its period decreased with a decrease in
plate temperature.

To better understand the effect of plat edge on the
condensation frosting characteristics of a cold plate, the
equivalent width of the edge-affected zone was proposed and
evaluated. As shown in Fig. 8, the equivalent width of edge-
affected zone is the width of a rectangular which owns the
same length and area as those of the edge-affected zone.
Therefore, the equivalent width of edge-affected zone can be
used for representing the influencing scope of the plate edge
effect. Considering the edge-affected zone was zoned in terms
of droplets, the equivalent width of the edge-affected zone was
only presented during droplet condensation and frozen stages.
As seen, the equivalent width of the edge-affected zone for
five cases consistently increased as time passed. For Cases 1
and 2, the equivalent width of the edge-affected zone
increased to 606.8 x 10° and 757.8 x 10 m at 1,200 s,
respectively. For Cases 3 to 5, the equivalent width of the
edge-affected zone rapidly increased before the droplet frozen
stages. At the end of their respective condensation stages, the

equivalent width of the edge-affected zone for Cases 3, 4, and
5 were 325.9 x 10, 156.4 x 10® and 90.1 x 106 m,
respectively. Thereafter, these values slightly increased during
their respective droplet frozen stages.

Generally, the equivalent width of the edge-affected zone,
or the influencing scope of plate edge effect increased with a
decrease in plate temperature at the same time before entering
into the frost layer growth stage. For example, the equivalent
width of the edge-affected zone increased by 5.5% when the
plate temperature decreased from -5.0 to -8.0 °C after a 1,200-
s droplet condensation period. However, considering the
droplet condensation and frozen stages as the initial frosting
stage, its period decreased with a decrease in plate temperature.
As a result, the equivalent width of the edge-affected zone, or
the influencing scope of plate edge effect decreased with a
decrease in plate temperature at the end of their respective
droplet frozen stages. The equivalent width of the edge-
affected zone decreased by 70.8% when the plate temperature
decreased from -9.0 to -19.0 °C at the end of their respective
droplet frozen stages.

Area-average equivalent diameter of droplets was another
important parameter to evaluate droplet size and distribution
characteristics. As shown in Fig. 9, the area-average
equivalent diameter of droplets for five cases consistently
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Fig. 8 Equivalent width of the edge-affected zone for Cases 1 to 5.
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Fig. 9 Area-average equivalent diameter of droplets for Cases 1 to 5.

increased as time passed. For Cases 1 and 2, the area-average
equivalent diameter of droplets in the unaffected zones
increased to 208.9 x 10 and 251.2 x 10 m at 1,200 s,
respectively. The corresponding values in edge-affected zones
were 2.51 and 2.18 times than those in unaffected zones. For
Cases 3 to 5, the area-average equivalent diameter of droplets
in both edge-affected and unaffected zones rapidly increased
before the droplet frozen stages. At the end of their respective
condensation stages, the area-average equivalent diameter of
droplets for Cases 3, 4, and 5 were 144.0 x 10, 56.7 x 10
and 42.4 x 10 m in the unaffected zone, and 310.6 x 10,
147.5 x 10 and 77.1 x 10 m in the edge-affected zone,
respectively. Thereafter, these values increased during their
respective droplet frozen stages. In general, the increasing
rates in area-average equivalent diameter of droplets in edge-
affected zones during droplet frozen stages were significantly
lower than that in unaffected zones. This was because the
frozen stage periods in edge-affected zones were much shorter
than those in unaffected zones and the difference in the contact
area of a droplet before and after freezing was slight.

On the one hand, the area-average equivalent diameter of
droplets increased with a decrease in plate temperature at the
same time before entering into droplet frozen stage. This was
because the driving force for condensing increased with a
decrease in plate temperature. On the other hand, the area-

10| Eng. Sci., 2023, 21, 801

average equivalent diameter of droplets decreased with a
decrease in plate temperature at the end of their respective
droplet condensation and frozen stages due to the notable
shortened onset time of freezing. Besides, the area-average
equivalent diameter of droplets in edge-affected zones was
consistently larger than those in the corresponding unaffected
zones due to the plate edge effect. At the end of their
respective droplet frozen stages, the area-average equivalent
diameter of droplets in edge-affected zones at plate
temperatures of -9.0, -14.0, and -19.0 °C were 311.8 x 10,
152.0 x 106 and 82.8 x 10°® m, and 1.91, 1.96 and 1.24 times
larger than those in unaffected zones, respectively.
Corresponding to the area-average equivalent diameter of
droplets, its average height was also quantified in this study.
Since the droplets in the edge-affected zone were larger than
those in the unaffected zone, the latter was obscured by the
former in terms of the photos captured by the side view camera.
Therefore, only the average height of droplets in the edge-
affected zone was obtained, as shown in Fig. 10. As seen, the
average height of droplets for five cases consistently increased
as time passed. For Cases 1 and 2, the average height of
droplets in the edge-affected zones increased to 228.4 x 10
and 336.8 x 10® m at 1,200 s, respectively. For Cases 3, 4,
and 5, the average height of droplets in the edge-affected zones
at the end of their respective condensation stages were 164.3
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Fig. 10 Average height of droplets in the edge-affected zones for Cases 1 to 5.

x 10, 59.8 x 105 and 29.2 x 10® m, respectively. Thereafter,
these values rapidly increased during their respective droplet
frozen stages. This was mainly because a notable increase in
droplet height would occur before and after its solidification.
On the one hand, the average height of droplets increased with
a decrease in plate temperature at the same time before
entering into droplet frozen stage due to the increased driving
force for condensing. For example, the average height of
droplets in the edge-affected zone increased by 47.4% when
the plate temperature decreased from -5.0 to -8.0 °C after a
1,200-s droplet condensation period. On the other hand, the
average height of droplets in the edge-affected zone decreased
with a decrease in plate temperature at the end of their
respective droplet condensation and frozen stages due to the
notable shortened onset time of freezing. The average height
of droplets in the edge-affected zone decreased by 77.5%
when the plate temperature decreased from -9.0 to -19.0 °C at
the end of their respective droplet frozen stages.

The coverage area ratio of droplets was also an important
parameter in evaluating droplet size and distribution
characteristics. As shown in Fig. 11, the coverage area ratio of
droplets for five cases consistently increased as time passed.
For Cases 1 and 2, the coverage area ratio of droplets in the
unaffected zones increased to 71.5% and 74.2% at 1,200 s,
respectively. The corresponding values in edge-affected zones
were 10.6% and 9.6% higher than those in unaffected zones.
For Cases 3 to 5, the coverage area ratio of droplets in both

© Engineered Science Publisher LLC 2023

edge-affected and unaffected zones rapidly increased before
the droplet frozen stages. At the end of their respective
condensation stages, the coverage area ratio of droplets for
Cases 3, 4, and 5 were 64.1%, 49.1%, and 46.6% in the
unaffected zone, and 71.5%, 63.0%, and 51.8% in edge-
affected zone, respectively. Thereafter, these values increased
during their respective droplet frozen stages. Besides, the
increasing rates in coverage area ratio of droplets in edge-
affected zones during droplet frozen stages were significantly
lower than that in unaffected zones. This was because the
frozen stage periods in edge-affected zones were much shorter
than those in unaffected zones and the difference in the contact
area of a droplet before and after freezing was slight. As a
result, the coverage area ratio of droplets in the unaffected
zone for Case 5 surpassed that in the edge-affected zone at the
end of their respective droplet frozen stages.

In general, the coverage area ratio of droplets increased
with a decrease in plate temperature at the same time before
entering into droplet frozen stage due to the increased driving
force for condensing. By contrast, the coverage area ratio of
droplets decreased with a decrease in plate temperature at the
end of their respective droplet condensation and frozen stages
due to the notably shortened onset time of freezing. The
coverage area ratio of droplets in the edge-affected and
unaffected zones decreased by 19.7% and 10.0% when the
plate temperature decreased from -9.0 to -19.0 °C at the end of
their respective droplet frozen stages.
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As mentioned in Section 3.1, an obvious freezing wave
propagation can be observed during the droplet frozen stages
for Cases 3 to 5. Based on Eq. (4), the average velocity of
freezing wave propagation can be roughly evaluated, as shown
in Fig. 12. In general, the average freezing wave propagation

velocity in edge-affected zones was much larger than those in
unaffected zones under the same frosting condition. This was
mainly because the diameter and coverage area ratio of
droplets in edge-affected zone were much larger than those in
unaffected zone, as demonstrated in Figs. 9 and 11. It was
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Fig. 12 Average freezing wave propagation velocity for Cases 3 to 5.

12 | Eng. Sci., 2023, 21, 801

© Engineered Science Publisher LLC 2023



Engineered Science

Research article

noted that one important factor influencing the freezing wave
propagation was the distance between droplets. Therefore,
larger diameter and coverage area ratio of droplets may result
in a shorter distance between droplets, and hence facilitate the
freezing wave propagation. The ratio of average freezing wave
propagation velocity in edge-affected zone to that in
unaffected zone for Cases 3, 4, and 5 at plate temperatures of
-9.0, -14.0, and -19.0 °C were 7.70, 556, and 5.11,
respectively. On the other hand, since the driving force for
freezing increased with a decrease in plate temperature, the
average freezing wave propagation velocity at a plate
temperature of -19.0 °C was much larger than those at plate
temperatures of -9.0 and -14.0 °C. However, it can be noted
that the average freezing wave propagation velocity at a plate
temperature of -14.0 °C was lower than that at -9.0 °C. This
was because the diameter and coverage area ratio of droplets
of the latter were much larger than those of the former.
Considering the diameter and coverage area ratio of droplets
increased with a decrease in plate temperature, the average
freezing wave propagation velocity was not consistently
increased with a decrease in plate temperatures.

3.3 Analysis of frost crystal behaviors

As mentioned in Section 3.2, frost crystals grow in three-
dimension and intertwine with each other as time passes. It
should be noted that frost crystal growth was a complicated
heat and mass transfer process coupled with gravity and
aerodynamic force. As shown in Fig. 13, frost crystal
sublimation and collapse can be observed by comparing frost
crystals in locations A, B, and C at different time points. For
location A, it can be seen that a plate-type frost crystal
disappeared as time passed. Since no water film was observed
during this process, it was believed that the plate-type frost
crystal sublimated and the corresponding water vapor was
absorbed by its surrounding frost crystals. When the
sublimation occurred at the bottom of a frost crystal and the

puny local part of the frost crystal was not strong enough to
support the upper frost crystal, the upper frost crystal would
collapse under the action of gravity and aerodynamic force.
For example, frost crystals in locations B and C in Fig. 13
collapsed in the direction of air flow due to the sublimation of
their bottom part. In general, simple frost crystal sublimation
can be recognized as a kind of heat and mass transfer between
frost crystals, and may not affect the growth process of frost
layer notably. However, frost crystal collapse resulting from
sublimation may affect the growth process of frost layer to
some extent, which may facilitate the growth in frost layer
density but impede the growth in frost layer thickness.
Whereas all the existing frosting models did not consider frost
crystal collapse, the relevant studies should be further
investigated.

3.4 Frost layer growth characteristics

As demonstrated in Section 3.1, the frosting process in the
edge-affected zone was much faster than that in the unaffected
zone. Therefore, the frost layer in unaffected zone may be
obscured by that in the edge-affected zone in terms of the
photos captured by the side view camera. As a result, similar
to the average height of droplets, only the frost layer growth
characteristics such as thickness, growth rate, and surface
roughness in the edge-affected zone, are presented in this
section.

Frost layer thickness is one of the most important frosting
characteristic parameters and usually used for evaluating the
level of frosting in practical applications. For example, the
blockage ratio of outdoor coil of an air source heat pump is
evaluated by frost layer thickness and can indicate the
blocking degree in air passage of outdoor coil by frosting. As
shown in Fig. 14, frost layer thickness for Cases 3 to 5
consistently increased as time passed and it increased with a
decrease in plate temperature at the same time point. At 1,200
s, the frost layer thickness for Case 3 at a plate temperature of

ST S L,._,“'L ,_-i‘i h

Fig. 13 Photos of frost crystal sublimation and collapse for Case 4.
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Fig. 14 Frost layer thickness and growth rate in edge-affected zones for Cases 3 to 5.

-9.0 °C was 684.4 x 10® m, and it increased by 49.0% and
88.0%, respectively, when the plate temperature decreased to
-14.0 and -19.0 °C. Besides, the initial frost layer thickness for
Cases 3, 4, and 5 at the start of their respective frost layer
growth stages were 134.7 x 106, 72.8 x 106, and 41.2 x 10®
m, respectively. It can be noted that the initial frost layer
thickness decreased with a decrease in plate temperature due
to the notably shortened droplet condensation and frozen
stages.

On the other hand, the frost layer growth rate can be
evaluated based on the time variations of frost layer thickness.
Considering the random growth characteristic of frost crystal
and the collapse of frost crystal, the frost layer growth rate
dramatically fluctuated during the frosting period. To avoid
cluttered data points, Fig. 14 only presents the trend line of
frost layer growth rate for Cases 3 to 5. As seen, the initial frost
layer growth rate increased with a decrease in plate
temperature, but the overall reduction rate in frost layer

growth rate also increased with a decrease in plate temperature.

For Cases 4 and 5, the frost layer growth rate gradually
decreased as time passed due to the consistently increased
frost layer surface temperature. By contrast, the frost layer
growth rate for Case 3 increased firstly and then decreased as
time passed. This was because the initial frost crystals for Case
3 were much sparse due to the large droplets and can provide
conditions for the rapid growth of frost crystals. In general, it
can be inferred that the initial droplet size and distribution
characteristics may notably affect frost crystal growth at the
early frost layer growth stage. At 1,200 s, the frost layer

14| Eng. Sci., 2023, 21, 801

growth rate for Cases 3, 4, and 5 were 66.4%, 56.3%, and 91.9%
lower than their respective maximum values during frost layer
growth stages.

Frost layer surface roughness was a characteristic parameter
used for evaluating frost layer morphology. As shown in Fig.
15, similar to frost layer growth rate, frost layer surface
roughness dramatically fluctuated due to the random growth
characteristic of frost crystal and collapse of frost crystal.
Overall, frost layer surface roughness gradually increased as
time passed. At the start of the frost layer growth stage, frost
layer surface roughness was mainly dependent on droplet size
and distribution characteristics. As a result, the initial frost
layer surface roughness decreased with a decrease in plate
temperature. Thereafter, frost layer surface roughness rapidly
increased due to the uneven growth of frost crystals. It can be
noted that frost layer surface roughness for Case 5 lowered
than that for Case 4 at the later frost layer growth stage. This
was mainly because the frost surface temperature for Case 5
rapidly increased due to its rapidly increased frost layer
thickness. The higher frost surface temperature may lead to a
denser frost layer and hence a smaller frost layer surface
roughness. Therefore, the relationship between frost layer
surface roughness and plate temperature was nonlinear and
may change as frosting progressed. At 1,200 s, the frost layer
surface roughness for Cases 3, 4, and 5 were 70.9 x 10, 106.5
x 10, 100.8 x 10° m, and 40.8%, 8.4 times, and 9.0 times
larger than their initial values during frost layer growth stages.
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Fig. 15 Frost layer surface roughness in edge-affected zones for Cases 3 to 5.

4. Conclusions

In terms of the plate edge effect, the droplet size and
distribution, and frost layer growth characteristics at the early
condensation frosting stage are experimentally investigated
under different plate temperatures. The main conclusions of
this study can be made as follows:

1. Under the experimental conditions, droplets may steadily
grow up in a supercooled state even though the cold plate
temperature was lowered to -8.0 °C. As the plate temperature
continued to decrease, droplet frozen and frost layer growth
stages may occur. The droplet condensation stage period was
351 s at a plate temperature of -9.0 °C, and decreased by 69.2%
and 88.0% when the plate temperature decreased to -14.0 and
-19.0 °C, respectively.

2. The frozen stage period of the edge-affected zone was
significantly smaller than that of the unaffected zone. The ratio
of average freezing wave propagation velocity in edge-
affected zone to that in the unaffected zone at plate
temperatures of -9.0, -14.0, and -19.0 °C were 7.70, 5.56, and
5.11, respectively. Besides, the droplet frozen stage period and
average freezing wave propagation velocity did not
consistently decrease with a decrease in plate temperature,
although the driving force for freezing increased. The sum of
droplet condensation and frozen stage periods decreased with
a decrease in plate temperature.

© Engineered Science Publisher LLC 2023

3. At the same time point, the influencing scope of plate edge
effect increased with a decrease in plate temperature. The
equivalent width of the edge-affected zone increased by 5.5%
when the plate temperature decreased from -5.0 to -8.0 °C after
a 1,200-s droplet condensation period. By contrast, at the end
of their respective droplet condensation stages, the influencing
scope of plate edge effect decreased with a decrease in plate
temperature. The equivalent width of the edge-affected zone
decreased by 70.8% when the plate temperature decreased
from -9.0 to -19.0 °C.

4. The area-average equivalent diameter and coverage area
ratio of droplets decreased with a decrease in plate temperature
at the end of their respective droplet frozen stages. At the end
of droplet frozen stages, the area-average equivalent diameter
of droplets in edge-affected zones at plate temperatures of -9.0,
-14.0, and -19.0 °C were 311.8 x 10, 152.0 x 106 and 82.8 x
10% m, and 1.91, 1.96 and 1.24 times larger than those in
unaffected zones, respectively. The coverage area ratio of
droplets in the edge-affected and unaffected zones decreased
by 19.7% and 10.0% when the plate temperature decreased
from -9.0 to -19.0 °C.

5. The initial frost layer thickness decreased with a decrease
in plate temperature due to the shortened droplet condensation
and frozen stages. At 1,200 s, the frost layer thickness at a
plate temperature of -9.0 °C was 684.4 x 10 m, and increased
by 49.0% and 88.0% when the plate temperature decreased to
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-14.0 and -19.0 °C. Besides, the relationship between frost
layer surface roughness and plate temperature was nonlinear
and may vary as frosting progressed. At 1,200 s, the frost layer
surface roughness at plate temperatures of -9.0, -14.0, and -
19.0 °C were 70.9 x 10, 106.5 x 10, and 100.8 x 10 m,
respectively.

Acknowledgments

The corresponding author acknowledges the financial
supports from the National Natural Science Foundation of
China (Grant No. 52076013), Beijing Municipal Science &
Technology Commission (Grant No. 3212024), Open Fund of
Key Laboratory of Icing and Anti/De-icing (Grant No.
IADL20200104), and the CAS Key Laboratory of Cryogenics,

Technical Institute of Physics and Chemistry, China (Grant No.

CRY0202001, Grant No. CRY0202104), and National
Natural Science Foundation of China (Grant No. 51925605).

Conflict of Interest
There is no conflict of interest.

Supporting Information
Not applicable.

Nomenclature

A area [m?]
D area-average equivalent diameter [m]
g growth rate [m/s]
H droplet height [m]
H average droplet height [m]
L equivalent distance in the corresponding
zone [m]
N number [-]
vapor partial pressure of the humid air
Py [Pa]
saturated vapor pressure at the cold plate
Ps temperature [Pa]
R, coverage area ratio of droplets [%0]
R, gas constant for water vapor [J/(kg K)]
RMS  root-mean-square roughness [m]
T, vapor temperature [K]
u uncertainty [%]
v velocity [m/s]

Greek symbols

interfacial free energy between vapor
and liquid [N/m]

) thickness [m]

Oyl

1) average thickness [m]

) liquid water density [kg/m?]
0 surface contact angle [°]

At duration of frozen stage [s]
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time interval used for measuring frost

At thickness [s]
heterogeneous nucleation energy barrier
AG,
[J]
Subscripts
f frost
fw freezing wave
p pixel
p,in  pixels inside a water droplet
sp sampling points
s surface of the corresponding zone
w Water
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