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Abstract

Theoretical analysis of the nucleation process for frost formation on a cold surface shows that the air at the cold

surface should be supersaturated in order for frost nucleation to occur. This understanding is new, relative to previously

published frost growth models. Further, the supersaturation degree is dependent on the surface energy, which is related

to the water contact angle. The theoretical predictions were compared to experimental results, and reasonable agree-

ment was obtained. Qualitatively, a low energy surface (high contact angle) requires higher supersaturation degree for

frost nucleation than a high energy surface. Quantitatively, the experimental data shows that the low energy surface

requires approximately 10 times higher supersaturation degree than the high energy surface when the contact angle

difference is approximately 80� at )20 �C surface temperature. The factors affecting the surface energy such energy such

as temperature, surface roughness, and foreign particles are discussed in this paper.

� 2003 Elsevier Ltd. All rights reserved.
1. Introduction

When air is cooled, moisture condensation (or

freezing) may occur on the cold surface, and mass

transfer will accompany the heat transfer. This occurs if

the surface temperature of the cold surface is below the

dew point temperature of the moist air. If the surface

temperature is greater than the water freezing temper-

ature, the condensed water vapor continuously drains

along the evaporator surface. However, if the surface

temperature is below the water freezing temperature, the

transferred water vapor may either condense and then

freeze, or desublimate (vapor-to-ice transformation) on

the cold surface. The frost deposition continues until the

frost surface temperature reaches the dew point temper-

ature of the moist air.

Several authors have published theoretically based

models to predict the growth of frost on a cold surface.

Key models are Brian et al. [1,2], Jones and Parker [3],
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and Sami and Duong [4], who developed analytical

models, and Le Gall and Grillot [5] who developed a

numerical model. All of these models assume that the

moist air at the frost surface is saturated at the tem-

perature of the surface. These models all ignore the

nucleation process of frost growth. Thus, they assume

uniform growth of frost without the existence of a

nucleation stage (or nucleation process). It is further

known that the surface energy of the cold surface [6–8]

will affect the nucleation process. Because the published

models do not account for the nucleation process, they

are also insensitive to the effects of surface energy on

frost formation.

The key focus of this paper is to analytically address

the initial frost nucleation and the factors that affect it––

including the surface energy of the base surface, which

may be altered by surface treatment.

Frost formation on a cold surface involves two dis-

tinct processes: nucleation and crystal growth [6,7]. The

initial frost deposition on a cold surface involves a

nucleation process. The nucleation process requires that

the embryo to overcome the Gibbs energy barrier, and

this can be achieved by the supersaturation of the phase

changing substance [6].
erved.
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Nomenclature

A area [m2]

G Gibbs free energy [J]

g Gibbs free energy per unit volume [J/m3]

I embryo formation rate

I0 the kinetic constant for embryo formation,

1.38066� 10�23 [J/K]

H enthalpy of system [J]

Dh latent heat [kJ/kg]

k Boltzmann constant, 1.38066� 10�23 [J/K]

m cosine of contact angle

Pv vapor pressure [kPa]

r radius of embryo [m]

S entropy of total system [kJ/K]

SSD supersaturation degree defined by Eq. (8),

non-dimensional

s entropy per unit volume [kJ/m3 K]

T temperature [�C]
TK temperature [K]

-V volume [m3]

Greek symbols

c surface energy [kJ/m2, mJ/m2]

h contact angle [degree]

q density [kg/m3]

r interfacial energy [kJ/m2, mJ/m2]

Subscripts

A air

cr critical value

fs frost surface

i parent phase

j new phase

l liquid

v vapor

sat saturation state

super super cooled state

s solid, substrate

w wall

Other symbols

- (over-bar) average value

� physical quantity per unit volume
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Sanders [7] considered why frost does not uniformly

form on a cold surface and concluded that the inho-

mogeneity of surface energy affects the sites of frost

initiation. However, he did not analytically develop the

surface energy effect. Although he realized that the

surface energy affects the frost initiation, he assumed in

his frost growth model that frost starts to form when the

air is saturated at the cold surface temperature. This will

overpredict the frost growth rate because the frost ini-

tiation will be delayed on a low energy surface. Hayashi

et al. [9] proposed the morphology of crystal growth

during the initial stage of frost formation on a cold

surface; but he did not mention or consider the nucle-

ation process.

It is necessary for the air to be supersaturated for

frost nuclei to form. Even after nucleation has occurred

and a very thin frost layer exists, supersaturation at the

surface is still required for frost growth. This is because

frost growth also involves a nucleation process. The

previously referenced models, which assume saturated

conditions at the interface, will overpredict the mass

transfer driving potential. The analysis to be presented

here shows that the assumption that the air is saturated

at the frost surface results in over-prediction of the mass

transfer rate. Typically, this over-prediction is in the

range of 20% of the total mass transfer rate. The detailed

analysis is in Appendix A, because this paper focuses on

the nucleation process on a cold surface.
Further, the surface energy of the base surface will

affect the initial frost nucleation. However, after a thin

frost layer is deposited, the surface energy of the base

surface no longer affects the frost nucleation process. No

publications were found that account for the nucleation

process in frost growth models. Even empirical models

[10–12] based on experiment do not account for the

surface energy of the base surface on frost initiation. The

assumption of the saturation state when frosting starts,

used in all of the referenced publications, does not rec-

ognize the necessity of supersaturation degree related to

the nucleation process.

The Gibbs free energy required for nucleation is in-

fluenced by the surface energy, which is related to con-

tact angle. A low energy surface (high contact angle) will

require higher supersaturation for nucleation than will

be required for a high energy surface (low contact angle)

[6–8]. Surface roughness or coatings can alter the surface

energy. This work also addresses the effect of surface

energy of the base surface on the initial frost nucleation

process. The predicted results will be compared to

experimental measurements. Finally, the implication of

the results will be discussed.

For the development of a complete frost growth

model, one would use the presently developed model

until a very thin layer is developed. Then the frost

growth would be based on model similar to that of those

referenced above, but modified to account for super-
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saturation at the frost surface. This model is described

by Na [13].
Fig. 1. Contact angle and Fletcher�s heterogeneous nucleation
model: (a) explanation of the contact angle and related para-

meters (b) Fletcher�s heterogeneous nucleation model.
2. Thermodynamitical analysis of nucleation

2.1. Nucleation

The nucleation process requires that the vapor em-

bryo overcome a certain Gibbs energy barrier [6]. This

vapor embryo is a concentration of water molecules that

are transformed to a frost nucleus. Although the cooled,

moist air may be saturated at the cold surface, frost

nucleation will not occur, unless the Gibbs energy bar-

rier is exceeded. For nucleation to occur, the vapor will

be in a supersaturated, metastable state––not the satu-

rated state. The Gibbs energy change required for

nucleation is referenced to the saturation state, and the

symbol D in the equations given here means the differ-

ence between the supersaturated state and saturated

state.

The Gibbs energy change of the embryo contact-

ing the cold surface is given by the following equation

[6]:

DG ¼ -V embryoD~ggv þ Aijrij þ Ajsðrjs � risÞ ð1Þ

Fig. 1a explains each symbol in Eq. (1). The r sym-

bols represent the interfacial energy, and the A�s are the

contact areas between each substance (or surface). The

interfacial energy is a function of temperature, because

the interfacial energy is related to the surface energy of

the substance [14], and the surface energy is dependent

on temperature [15]. Sanders [7] gives the interfacial

energy between water vapor and water, water and ice,

and water vapor and ice, and the equations for these

interfacial energies are given in Table 1. The symbol -V
represents the volume of the new phase, which is the

nucleus for crystal growth. The subscripts �i�, �j�, and �s�
represent the parent phase, new phase, and the substrate

on which the phase change occurs, respectively. The

symbol D~ggv is the Gibbs energy change between the

parent phase and the new phase per unit volume and is

dependent on the temperature change and vapor pres-

sure. The symbol G is the Gibbs energy defined by

G � H � TKS ð2Þ
Table 1

Constant and equations for calculating the initiation of nucleation [6

Phase change State I0 (/m2 s)

i j

Condensation Vapor Water 1029

Desublimation Vapor Ice 1029

Freezing Water Ice 1032
Therefore, the Gibbs energy change D~ggv between the

parent phase and the new phase during the phase change

can be expressed as

D~ggv ¼ D~hhlatent � TKD~sslatent ð3Þ

The latent entropy D~ssv is given in Table 1 and is calcu-

lated using the Clapeyron equation.

As shown in Eq. (1), the Gibbs energy change is re-

lated to the interfacial energy between substances.

Therefore, the surface energy of the cold surface, which

is related to the interfacial energy, is an important

parameter for heterogeneous nucleation––nucleation

between metastable moist air and a solid surface. For

homogeneous nucleation, the last term on the right side

in Eq. (1) is excluded.

In order to thermodynamically analyze the nucle-

ation process, Fletcher [6] and Sanders [7] assumed the

shape of the parent phase for the nucleation is a

spherical segment as shown in Fig. 1b. The Gibbs energy

change of the embryo will change with the size of the
]

Interfacial energy, rij (kJ/m
2) D~sslatent (kJ/m3 K)

rij ¼ ð75:7� 0:1775T Þ � 10�6 ðDhlv=TKÞql

rij ¼ ð99:5� 0:075T Þ � 10�6 ðDhsv=TKÞqice

rij ¼ ð23:8þ 0:1025T Þ � 10�6 ðDhls=TKÞqice
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embryo, and the critical Gibbs energy change can be

calculated by differentiating Eq. (1) with respect to

the radius of the embryo. Using the Fletcher model, the

critical Gibbs energy change can be obtained at the

critical embryo size ðrcÞ.

DGc ¼
16p
3

r3
ij

D~gg2v

ð2þ mÞð1� mÞ2

4
ð4Þ

rc ¼ � 2rij

D~ggv
ð5Þ

where m is the cosine of the static contact angle h in Fig.

1b.

m � cos h ¼ rjs � ris

rij

ð6Þ

Eqs. (1)–(4) assume that the base surface is perfectly

smooth. If the surface is rough, the contact angle does

not represent the precise interfacial energy because the

roughness affects the contact angle [8,16].

Becker and Doring [16] have given the following

equation for estimating the embryo formation rate on a

unit surface area for heterogeneous nucleation, and in a

unit volume for homogeneous nucleation:

I ¼ I0 exp
�
� DGc

kTK

�
ð7Þ

The symbol I is the embryo formation rate, I0 is the

kinetic constant shown in Table 1, and k is the Boltz-

mann constant (1.38066� 10�23 J/K). The temperature

TK is the surface temperature given in Kelvin.

Using Eqs. (4)–(7), the embryo formation rate can be

calculated, and the result calculated at 0 �C wall tem-

perature is shown in Fig. 2. As the water vapor pressure

increases, the Gibbs energy change of the water vapor in

a given volume, D~ggv (Eq. (4)) increases because of the

high density of the water vapor, and the critical Gibbs
Water vapor pressure (kPa)
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Fig. 2. Embryo formation rate (Tw ¼ 0 �C).
energy change of the embryo decreases. This causes the

embryo formation rate to increase according to Eq. (7).

From Eq. (4), the critical Gibbs energy change of the

embryo increases as the contact angle on the surface

increases. This means that relatively low embryo for-

mation rate will exist for high contact angle (a low en-

ergy surface), as compared to that for low contact angle.

Many investigations have been conducted for nucle-

ation and showed the above Becker–Doring theory is in

good agreement with experimental findings [16]. Also, it

was found that the critical embryo formation rate exists

for nucleation. Experiments by Volmer and Flood

showed that homogeneous nucleation of water vapor

starts when ln I 	 10/m2 s [16]. This means that there

exists a threshold embryo formation rate for nucleation.
2.2. Supersaturation

As described in the previous section, for phase

change the parent phase must overcome the Gibbs en-

ergy barrier. From Eq. (7), the embryo formation rate

increases as the critical Gibbs energy decreases. The

critical Gibbs energy change is dependent on the inter-

facial energy at each interface, and the Gibbs energy

change of the water vapor per unit volume, as shown by

Eq. (4). The Gibbs energy change of the water vapor per

unit volume occurs in two ways: (1) water vapor pres-

sure change or (2) temperature change. For the Gibbs

energy to change, the water vapor pressure must be

higher than the saturated state, or the surface temper-

ature must be lower than the saturation temperature.

These two criteria mean that the water vapor must be

supersaturated at a given condition for the nucleation.

However, as previously noted, models for frost forma-

tion on cold surfaces assume that the frost forms when

the surface temperature reaches the dew point temper-

ature. The present model is in disagreement with the

usually taken assumption.

Sanders [7] and Harraghy and Barber [17] define

supersaturation degree as

SSD � Pv � Pv;sat
Pv;sat

ð8Þ

where Pv is the local vapor partial pressure of the air,

and Pv;sat is the saturated vapor pressure at the same

point.

The difference between condensation and desubli-

mation, below the water freezing temperature, will be

explained in the next section. As shown in Fig. 3, for the

water vapor to change its phase and deposit frost on a

cold surface, the water vapor must be supersaturated at

the cold surface temperature. Also, the extent of the

supersaturation is strongly dependent on the surface

energy represented by the surface contact angle. This

implies that the frost deposition can be delayed by
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controlling the surface energy. Therefore, by using a

low surface energy coating on the surface, it may be

possible to maintain the surface frost-free within a spe-

cific range.

2.3. Condensation and desublimation

The phase change of water vapor below the water

freezing temperature may occur by two mechanisms: (1)

condensation to water and freezing to ice, (2) desubli-

mation to ice. From Eq. (4), the critical Gibbs energy

change is dependent on the interfacial energy between

the parent phase and new phase, as well as the interfacial

energy and Gibbs energy change of water vapor. Table 1

shows that the interfacial energy between water vapor

and water is smaller than that between water vapor and

ice. This means that the critical Gibbs energy for con-

densation is smaller than that for desublimation, and

that the embryo formation rate is larger for condensa-

tion than for desublimation. Therefore, the condensa-

tion process is favorable to the phase change of water

vapor at the low water vapor pressure. And at high

vapor pressure, both condensation and desublimation
processes are favorable to phase change of the water

vapor.

Supersaturation of the water vapor can be achieved

by two methods: (1) increase in the vapor pressure above

the saturated vapor pressure at a given wall temperature,

(2) decrease in the wall temperature at a given water

vapor pressure. Fig. 3a shows the critical supersatur-

ation degree ðSSDcrÞ and phase change limits for con-

densation and desublimation at 0 �C wall temperature.

Fig. 3b shows similar information for Tsat ¼ 0 �C with

the required supercooling of the surface defined as

DTsuper ¼ Tsat � Tw. Due to the difference of the interfa-

cial energy between water and ice, Fig. 3 shows different

limits for condensation and desublimation. The calcu-

lations use the embryo formation rate of ln I 	 10/m2 s

from the Volmer and Flood [16] experimental investi-

gation for homogeneous nucleation.

2.4. Position of nucleation

When moist air is cooled by a cold surface, some

portion of the moist air near the wall may be already

supersaturated before frosting on the cold surface, be-

cause of the temperature gradient in the air. Therefore, it

is meaningful to analyze whether the frost forms only on

the cold surface, or if frost can also be formed in the

air at the cold surface.

In the previous sections, the heterogeneous nucle-

ation process was analyzed. However, considering the

case for 180� contact angle, homogeneous nucleation

can be explained. In Eq. (4), when the value of m (the

cosine of the contact angle) is )1, the equation des-

cribes homogeneous nucleation, and the critical Gibbs

energy change has the maximum value at a given con-

dition.

When moist air is cooled by the cold surface, the

lowest temperature in the air occurs at the cold surface.

Before starting nucleation, the supersaturation degree is

highest at the wall. Due to the previous two reasons,

frost nucleation will occur only on the cold surface,

when the moist air is cooled by the cold surface.

Summarizing the nucleation process:

(1) For phase change nucleation, a threshold embryo

formation rate exists. This requires supersaturation

of the water vapor for the phase change.

(2) The embryo formation rate is dependent on the

water vapor pressure, surface energy, and surface

temperature.

(3) A lower energy surface causes lower embryo forma-

tion rate in a given condition. Therefore, the frost

formation will be delayed on the lower energy sur-

face.

(4) Below the water freezing temperature, water vapor

can change its phase to ice on a cold surface by de-

sublimation or by freezing following condensation.
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Although condensation occurs on the cold surface,

only the ice phase will exist on the surface, because

the condensed water immediately freeze after con-

densation.

(5) The nucleation of frost in the system composed of

the moist air and the cold surface starts on the cold

surface––not in the moist air.

In the next sections, the thermodynamic analysis for

frost formation will be compared to the experimental

data, and the implication of the findings will be dis-

cussed.
3. Experimental method

3.1. Experimental apparatus and test procedure

A low temperature wind tunnel was used for the

investigation of the frost formation. Fig. 4 shows

the schematic of the low temperature wind tunnel. The

humidity of the moist air was adjusted in the control

chamber by controlling the heat exchanger temperature.

The humidity was calculated by measuring the temper-

ature of the air leaving the control chamber, because the

air is saturated in the control chamber. The surfaces of

interest were installed in the test section, and cooled by

a thermoelectric module, from which the heat was re-

moved by a refrigeration system. For the test, the hu-

midity in the wind tunnel was controlled to the set value,

and then the surface in the test section was slowly cooled

down.

The observed frost pattern on the surface was not

homogeneous, which means that the frosting started at

discrete points and some regions were unfrosted to a
Fig. 4. Low temperatu
certain surface temperature drop during the test. The

observed frosting during one test, is shown in Fig. 5, for

which Tw ¼ �20 �C. Due to the inhomogeneity of the

frosting pattern, the data recording was conducted as

follows:

• The frost initiation on the surface was observed while

the temperature of the cold surface is cooled down.

When the first spot of the frost was observed, the

temperature of the cold surface was recorded.

• The plate temperature was further slowly reduced,

until the frost covered approximately 80% of the cold

surface, the temperature was recorded.

3.2. Test surfaces

3.2.1. Preparation of surfaces

In order to investigate the effect of the surface energy

on the nucleation of the frost, five kinds of surfaces were

prepared for the test:

• Boehmite treated surface. Water was boiled in a stain-

less steel pot, and then the aluminum surface was im-

mersed into the boiling water for 30 min. The boiled

aluminum plate was cleaned by the flowing cold

water and then dried. The Boehmite process is de-

scribed by Min and Webb [18].

• Bare aluminum. The buffed and cleaned aluminum

surface was used for the bare surface.

• Transparent polymer packaging tape on the aluminum

surface. The adhesive backed transparent packaging

tape was attached to the bare surface.

• Silicone wax coated aluminum surface. An automobile

wax containing silicone was coated on the bare sur-

face. This provided a hydrophobic characteristic [19].
re wind tunnel.
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• Teflon coated aluminum surface. A Teflon emulsion

was sprayed on the aluminum surface and sintered

at 360 �C for 40 min.

3.2.2. Measurement of contact angle

The static contact angle on each surface was mea-

sured by the sessile drop method using a Rame–Hart

Model 100 goniometer of which the resolution is 1�.
Because of non-linear relation between the contact angle

and the required supersaturation degree, it is not prac-

tical to relate the goniometer resolution to the super-

saturation degree. The contact angle on each surface was

measured three times: (1) after surface treatment, (2)

after test, (3) after test and drying the surfaces. In each

measurement, the measured values at five points on the

same surface were averaged.
4. Results and discussion

4.1. Contact angle results

Fig. 6 shows the results of the measured contact

angles (static, advancing, and receding) on the different
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Fig. 6. Contact angle on the different surfaces.
surfaces. Different results are shown for the static, ad-

vancing, and receding contact angle measurements. The

difference between the advancing contact angle and re-

ceding contact angle is called contact angle hysteresis.

Attention is first directed at the static contact angle re-

sults to assess the effect of surface energy on nucleation.

The surface energy is a static property of the surface. As

previously noted, each reported contact angle was

measured at five points on the same surface and aver-

aged. The standard deviations of the measured contact

angles on the surface were less than 7% of the averaged

values at each dry and wet surface. Fig. 6 shows contact

angle measurements for three different test conditions:

(1) after surface treatment, but before frost deposition

(S1), (2) after frost deposition and after melting the frost

and drying the surface (S2), and (3) after drying the

surface at 100 �C for 40 min.

The S1 data set show that the Boehmite treated

surface and the bare surface have a hydrophilic char-

acteristic (small contact angle), and the other surfaces

show a hydrophobic characteristic (large static contact

angle) after surface treatment. However, after the

frosting test, the S2 data set show that the contact angle

of the hydrophobic surfaces decreases by 20–40�. While

testing with frost formation, the surfaces may be con-

taminated by the deposition of foreign particles such as

dust in the air stream, and adsorption of the water

vapor. This contamination affects the surface energy,

which is represented by the contact angle. Although it

is not practical to remove the spurious foreign particles

on the surfaces, the effect of the water vapor can be

verified by removing the water vapor by heating the

surfaces.

The S3 data set (surfaces were dried at 100 �C for 40

min and then cooled to room temperature) show the

effect of adsorption of water vapor on the change of the

contact angle. Fig. 6 shows that the contact angle was

recovered after drying, and that the adsorption of the

water vapor seriously affects the contact angle by

changing the surface energy for the hydrophobic sur-

faces after the surface treatment. For the bare aluminum

surface, the static contact angle increased when the

surface was dried. This result may be due to oxidization
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occurring during the drying process. It was also found

that the contact angle on the Boehmite treated surface is

not affected by water vapor adsorption. The Boehmite

treatment hydrates the aluminum oxide formed by the

surface treatment and generates a micro-roughened oxi-

dation layer on the aluminum surface [18], which yields

low contact angle. If the micro-roughness alone affects

the water contact angle, other factors such as the ad-

sorption of the water vapor will not be effective in al-

tering the contact angle. Because the contact angle does

not change after drying the surface, it is concluded that

the micro-roughness alone affects the contact angle. This

result is in good agreement with the result of Min and

Webb [18].

The phenomenon that a difference between the ad-

vancing and receding contact angle exists is called con-

tact angle hysteresis. Although the phenomenon of

contact angle hysteresis is not fully understood, it is

known that the surface heterogeneity such as surface

roughness and impurity is attributed to the hysteresis

[16]. As shown in Fig. 6, the differences between the

advancing and receding contact angle for the Boehmite

treated surface and bare surface do not change after the

test. This shows that the water vapor adsorption is not

significant on these surfaces. However, for the polymer

tape and Teflon surfaces, the differences became larger

after the test, and after drying the surfaces, the differ-

ences were recovered to the values measured before

testing. From this result, it is also indirectly proved that

water vapor was adsorbed on the polymer surfaces and

increased the surface heterogeneity. For the waxed sur-

face, the trend is opposite to those of the other polymer

surfaces. The car wax is a compound of several com-

ponents for its own purpose, and this might affect the

hysteresis characteristic. The analysis of this effect is

beyond of the scope of this paper.

4.2. Initiation of frost on cold surfaces

Initiation of frost formation was observed on the five

different surfaces, and the humidity and frosting tem-

perature were recorded. Fig. 7 shows experimental and

predicted values of the supersaturation degree. The

supersaturation degree test was conducted four or five

times for each surface, and the value varies less than

10%. The experimental values are shown for the initia-

tion of the frosting, and for 80% frost coverage on the

surface. Using the transparent graph paper of which

resolution is 1 mm, the frosted area was marked, and the

ratio of the frosted area to the total area was calculated.

The predicted values are for the required supersatura-

tion degree based on thermodynamic analysis given in

Section 2.1. The predicted values were based on two

static contact angle measurements––one after surface

treatment and before frosting (S1 from Fig. 6), which is

designated dry contact angle, and the other after the
frosting test (S2 from Fig. 6), which is called wet contact

angle, because of the water adsorption.

Fig. 7 test results show that the low energy surfaces

having higher contact angle require high supersaturation

degree for nucleation, which is in agreement with the

thermodynamic nucleation analysis. The detailed ob-

servations are as follows.

4.2.1. Incipient nucleation and active nucleation

The experimental results show a difference between

the supersaturation degree for ‘‘incipient nucleation’’

(defined as the onset of frost) and ‘‘active nucleation’’

(defined here as 80% frost coverage). The supersatura-

tion degree is smaller for incipient nucleation. The dif-

ference of the supersaturation degree between incipient

nucleation and active nucleation may occur due to the

inhomogeneity due to the partial contamination or

roughness difference of the surface. This means that the
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local surface energy is different on the surface, and the

frost formation initiates at the highest points of surface

energy. With increasing air humidity, the other sites

become active to the frost formation. This inhomo-

geneity is apparently caused by surface roughness, con-

tamination, and adsorption of the water vapor.

4.2.2. Agreement with the theoretical analysis

The predicted values using the wet contact angle are

representative of the surface energy of a surface, because

the water vapor will be adsorbed into the surface before

frosting starts. Carey [8] discusses the effect of the water

vapor adsorption on a surface for dropwise condensa-

tion on a cold surface. He proposes that the adsorbed

water vapor provides nuclei for condensation. This phe-

nomenon can also occur in the frost formation process,

and will accelerate the frost formation. This may be why

the predicted values show better agreement with the

contact angles measured after surface treatment than

those measured after frosting. Because the contact angle

is greater after surface drying proves that adsorption

of water vapor occurred.

Fig. 7 shows the range of the supersaturation degree

from frost incipience to 80% coverage of frost. The frost

coverage on the surface can be explained in two ways.

One is that the surface is covered by the frost initiated on

that point. The other is that the surface around the frost

inception points is covered by the frost grown from the

incipient points. This can be observed from the frost

propagation shape in Fig. 5b. Once incipient frost for-

mation occurs, two frost formation sites exist on the

surface––one is the cold surface and the other is the frost

itself. The water vapor on the frost crystal grows the

crystal size 3-dimensionally. Around the incipient nucle-

ation sites, the frost formation on the frost crystal is

more favorable rather than on the cold surface, because

the surface energy on the frost crystal is larger than on

the surface. Hence, although frost does not form on the

surface around the incipient sites, the surface can be seen

covered by the frost grown from the incipient sites.

Therefore, it is difficult to define when all of the surface

is active for the frost formation. In this work, when the

frost covers the surface approximately 80% of the total

surface, the surface is arbitrarily assumed active to frost

formation.

The theoretical prediction using wet contact angle is

in agreement with the measured supersaturation degree

within 30%. However, still the theoretical model over-

predicts the experimental results. This overprediction

is discussed below.

4.2.3. Overprediction of theoretical analysis

Generally, these theoretical values (using wet angle)

overpredict the experimental results for 80% frost

coverage. This is primarily because the contact angles

were measured at room temperature and the experi-
mental values were measured at )20 �C, as discussed

below.

Also, foreign particles that settle onto the surface

from the air flow may be nuclei for frost formation. If

the foreign particles have higher surface energy than that

of the original surface, the frost formation starts earlier

than on the original surface.

Surface roughness will also affect the nucleation

process. Eq. (1) shows that the Gibbs energy change

increases as the contact area between the embryo and

the substrate increases. As shown in Fig. 8, when the

embryo forms on the peak or valley of the roughness,

the contact area is larger than when the embryo forms

on a perfectly smooth surface. This roughness effect will

reduce the supersaturation degree compared to the

predicted values.

The phenomenon of incipient and active frost for-

mation on a heterogeneous is similar to that of nucle-

ation pooling boiling. In pool boiling, vapor nuclei must

exist in the heterogeneous sub-surface structure. The

required superheat degree for vapor nuclei depends on

the surface characteristics such as surface roughness (or

sub-surface micro-structure) and the contact angle. For

pool boiling, the liquid must be superheated for a vapor

nucleus to exist.

The surface energy of solid metal surfaces and

organic materials is temperature dependent. Van der

Waals and Guggenheim [15] proposed the following

equation for the surface energy:

c ¼ c0ð1� T=TcÞn ð9Þ

where c is the surface energy, c0 the surface energy at 0

K, Tc the critical temperature and n is approximately

unity for metal, and slightly larger than unity organic

material.

The Van der Waals and Guggenheim equation shows

that the surface energy increases as the temperature

decreases. This means that the surface energy changes

with the change of surface temperature, which changes

the interfacial energy.

The frequently used approaches to calculate the in-

terfacial energy using surface energies are the ‘‘equation

of state approach’’ and ‘‘surface tension components

approach’’ [14]
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Equation of state approach :

rjs ¼ cj þ cs � 2
ffiffiffiffiffiffiffi
cjcs

p
ebðcj�csÞ2 where

b ¼ 0:0001247ðm2=mJÞ2 ð10Þ

Surface tension components approach :

cs ¼
cjð1þ cos hÞ2

4
where cos h ¼ rjs � cs

cj
ð11Þ

However, Balkenende et al. [14] found that neither of

the above two approaches accounts for all experimental

data on low energy surfaces, and that the surface tension

component approach is only appropriate available for

apolar surfaces. However, the above two equations

show that the interfacial energy increases as the surface

energy increases. In this work, the contact angle was

measured at room temperature, and the frosting test was

conducted at a cold surface temperature of approxi-

mately )20 �C. This means that the interfacial energy

between the substrate and new phase at the frosting

temperature increased due to the increased surface

energy of the substrate. The increased interfacial energy

reduced the supersaturation degree for frost formation,

and this may be one of reasons that the prediction re-

sults overpredict the supersaturation degree compared

to the experimental data.
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5. Conclusions

(1) The nucleation process for the incipient frost forma-

tion was analyzed based on thermodynamic princi-

ples.

(2) For frost formation to occur, the air at the cold sur-

face must be supersaturated.

(3) Lower energy surfaces require higher supersatu-

ration degree for nucleation than do higher energy

surfaces.

(4) The inhomogeneity of the surface energy causes a

heterogeneous frosting pattern, because the required

supersaturation degree for the nucleation locally dif-

fers.

(5) Surface roughness reduces the required supersatura-

tion degree.

(6) This work suggests the possibility of developing sur-

faces that delay frost formation to lower surface

temperature.
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Fig. 9. Required supersaturation degree on the frost crystal

surface.
Appendix A. 2-Dimensional nucleation

In contrast to the nucleation of frost on a bare cold

surface, the nucleation on a surface of frost crystals is 2-

dimensional, because water vapor forms an island (a 1-

molecule thick, flat layer) on the crystal surface [6]. The
successive nucleation on the frost crystal makes the frost

crystal and the frost layer grow. For a 3-dimensional

nucleation process, which is on a foreign surface, Eq. (1)

gives DG. However, for a 2-dimensional nucleation

process, the equation for DG is given by [6]

DG ¼ pr2aD~ggv þ 2prarij ðA:1Þ

DGc ¼ �
pr2

ija

D~ggv
ðA:2Þ

rc ¼ � rij

D~ggv
ðA:3Þ

where the symbol a is the diameter of the water vapor

molecule, and r is the radius of the island, which is the

cylindrical shape perpendicular to the frost crystal sur-

face. In this cylindrical shape, the energy due to the in-

terfacial energy only exists at the peripheral surface of

the cylinder. Therefore, the last term in Eq. (1) vanishes,

and the Gibbs energy change of the embryo for the

2-dimensional nucleation is expressed as Eq. (A.1).

Using Eqs. (A.2) and (7), the required supersatura-

tion can be calculated analogous to the procedure de-

scribed in Section 2.1. It is noted that Eq. (A.1) does not

include the cold surface energy, and that the Gibbs

energy change for nucleation is only dependent on the

temperature. Fig. 9 shows the required supersaturation

degree for frost nucleation on the frost surface. In this

analysis, the diameter of water vapor molecule was as-

sumed to be 1 �AA. From this analysis, it is found that the

water vapor at the frost surface should be supersatu-

rated for the frost crystal to grow. Therefore, while the

frost crystal is growing, the water vapor pressure at the

frost surface is supersaturated. Because the water vapor

at the frost surface is supersaturated, the driving po-

tential for the mass transfer from the air stream to the
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assumption that the air is saturated at the frost surface.
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frost surface is smaller than the value calculated with the

assumption that the air is saturated at the frost surface.

Fig. 10 shows an example calculation for the error in

predicting the mass transfer rate occurring when as-

suming the air is saturated at the frost surface. This

calculation is performed for air at 50% relative humidity,

and the surface temperature is 15 �C below the air

temperature. The calculated error shown in Fig. 10 is the

minimum value, because the minimum (required) super-

saturation degree for nucleation was used. The error

in Fig 10 is defined as

Errorð%Þ ¼ DPw;2 � DPw;1
DPw;1

� 100 ðA:4Þ

where DPw is the vapor pressure difference between the

air stream and the frost surface. Symbol DPw;1 is for

supersaturation at the frost surface, and DPw;2 assumes

the air is saturated at the frost surface temperature.

Fig. 10 shows that the assumption of saturated con-

ditions at the frost surface will result in over prediction

of the mass transfer rate in the range of 20%. For de-

sublimation significantly higher over prediction can exist

at frost temperatures near 0 �C.
A.1. Example calculation for mass transfer rate

Conditions. Air flows over the frost surface on a flat

plate. The air free stream temperature is )5 �C, and

50% relative humidity. The frost surface temperature is

)20 �C.
Properties. Water vapor pressure in the air stream,

Pv;a at )5 �C and RH 50%: 0.2009 kPa. Saturated water

vapor pressure at the frost surface temperature: 0.1033

kPa.
Calculation. The mass transfer rate can be calculated

by [20]

m00 ¼ KpðPv;a � Pv;fsÞ ðA:5Þ

where Kp is the mass transfer coefficient defined based on

the vapor pressure difference, and Pv;a and Pv;fs are the

water vapor pressures in the air flow and frost surface,

respectively.

For )20 �C frost surface temperature, Fig. 9 shows

that SSDw ¼ 0:17 is the theoretical limit for the nucle-

ation on the frost crystal surface. For this example, we

have used SSDw ¼ 0:20. The water vapor pressure at the
frost surface is calculated using supersaturation degree.

SSDw � Pv � Pv;sat
Pv;sat

¼ 0:2 ðA:6Þ

The saturation pressure at the frost surface at )5 �C is

0.1033 kPa. Hence, the water vapor pressure at the frost

surface becomes 0.1240 kPa. Thus, the mass transfer

rate is:

m00 ¼ KpðPv;a � Pv;fsÞ ¼ Kpð0:2009� 0:1240Þ
¼ 0:0769Kp ¼ 0:0769Kp ðA:7Þ

If one assumes that the air is saturated at the frost

surface, the mass transfer rate is

m00 ¼ KpðPv;a � Pv;fsÞ ¼ Kpð0:2009� 0:1033Þ
¼ 0:0976Kp ðA:8Þ

Hence, the assumption that the air at the frost surface

is saturated at the frost surface temperature results in

27% overprediction of the mass transfer rate.
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