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ARTICLE INFO ABSTRACT
Keywords: To accurately control the frosting process, analyzing the influence of different factors on frosting is meaningful
Early frosting stage and challengeable, especially in the early frosting stage. According to the sensitivity analysis, the influence of
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Surface wettability and environmental factors
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different surface wettability and environmental factors on the growth of frost layer were quantitatively analyzed.
Based on the experimental data on cold plate surface under forced convection conditions, new models with
emphasis on the initial conditions of the frosting process are developed. Results show that supersaturation de-
gree, supercooling degree and cold plate temperature are the key factors on the growth of frost layer, but their
specific influence varies in the early frosting stage. And proportions of these three factors reach 39.42%, 35.58%
and 21.15%, respectively. The coincidence rates of the new models with an error of 15% reach>90% for the
whole frosting process, and 83% for the early frosting stage. Compared with previous models, the coincidence
rates of the new models for the whole frosting process and the early frosting stage are increased by at least 8.86%
and 15.28%, respectively. Contributions of this study are expected to predict the growth of frost layer in the early
frosting stage and provide a reference for the optimal defrosting control of air source heat pumps.

wettability, surface roughness, surface temperature, air velocity, air
temperature and air relative humidity [9]. For example, the influence of
surface wettability was investigated by Wang et al. [10] in an experi-
mental study. As reported, on a hydrophobic surface at a contact angle of
147°, frost nucleation was delayed by nearly 60 min. For the factor of
surface roughness, it is experimentally investigated and quantitively
analyzed by Hermes et al. [8]. When the roughness value is higher, it’s
found that more nucleation sites are generated on the surface. It is easy
to understand the water content in surrounding air of cold plate is the
source of frost. The experimental results reported by Amer and Wang
[11] show that increasing the relative humidity will not only increase
the frost thickness, but also affect the frost property, such as its density
or thermal conductivity coefficient. The influence of surface and air
temperature on frosting process were investigated by Liier and Beer
[12]. As reported, surface temperature strongly affects the average frost
thickness and the density. While, after the air relative humidity was
fixed or water content in air was constant, the variation of air temper-
ature shows minor effect on frost formation. Seeing from the micro view
[13,14], higher air velocity would accelerate the change of frost crystals

Introduction

Frost deposition is inevitable once moist air is exposed to a cold
surface, whose temperature is below the water triple point and the air
dew point [1]. For a heat exchanger, after frost accumulated and a
continuous frost layer formed, the heat transfer resistance will dramat-
ically increase [2]. For an air source heat pump, the coefficient of per-
formance decreases due to the increasing frost layer, or even an
unexpected system malfunction [3,4]. To solve the frosting problem, the
heat transfer systems have to allocate more energy to defrost by using
mechanical or thermal methods [5,6]. That means, the control system
would become more complicated and more time consumed due to the
defrosting operation [7]. To avoid these drawbacks, accurately predict
or control the frosting process becomes necessary. Because the frosting
process is influenced by many factors, around the cold plate surface and
environmental air conditions [8], analyzing the key influencing factors
in the frosting process is meaningful and challengeable.

The factors mostly analyzed in open literatures include surface
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Nomenclatures 14 air velocity (m s™1)
Cr coincidence rate (/)
Variable Description (Unit)
a slope (mm s1/2) Greek symbols
b intercept (mm s172) ) frost thickness (m)
P specific heat (kJ kg—l ) [Z] contzjlct angel Eglegree)
D diffusivity of vapor in air (m?s™!) P density (kg m™) ) )
hm coefficient of mass transfer (m s 1) @ absol.ute hum1d1t¥ O.f air (gvga)
isy latent heat of sublimation (kJ kgfl) A relative error deviation (/)
Ja modified Jakob number (/) Subscripts
k thermal conductivity (W m K™Y a air (/)
L cold plate length (m) dp dewpoint (/)
M mass flux (kg m2shH f frost (/)
Pr Prandtl number (/) i ice (/)
q heat flux (W m~2) s solid (/Y
Re Reynolds number (/) sat saturation (/)
RH relative humidity of air (/) v vapor (/)
T temperature (K) w wall (/)
t time (s)

from feather crystals to irregular crystals and made frost crystals appear
close to each other [15]. Although frosting on cold plates is more
fundamental and commonly reported [16,17], other shapes of frosting
surface were also studied, such as round tube [18,19], fin bases [20],
parallel plates [21], etc. The surface shape directly affects the parame-
ters of surrounding air, and thus may affect the frosting process. It can be
seen that there are many factors influencing the frosting process, and
their influence vary from each factor. However, most of the existing
literature only take a few factors to illustrate the frosting process. The
reason is, under the unified investigation of multiple factors, there are
secondary factors having minor effect on the frosting process, but
significantly increase the experimental and analytical work [9]. There-
fore, it is necessary to find out the key influence factors on the frosting
process with multiple factors considered, so as to effectively reflect the
frosting process.

However, the same factors on the frosting process may also be
different. For example, hydrophobic surface is widely reported in
delaying frosting [22,23], and frost nucleation becomes more difficult as
the surface contact angle increases [24]. But it is reported by Sommers
et al. [25] that the surface energy, with surface contact angle included,
shows a wake influence on frosting process. It is generally reported that
the increase of air velocity would increase the frost thickness. But the
frost thickness is independent of the air velocity as reported by Lee and
Lee [26]. The different influence of a fixed factor may result from it
working in different frosting stages. As shown in Fig. 1, based on the four
periods divided by Song and Dang [9], an entire frosting process could
be further divided into four stages. In the no frost stage, the droplet
nucleation occurs first, as well as the coalescence of the droplets
occurred immediately after the nucleation. As the phase change occurs,
the droplets merge and solidify, and their diameters and heights increase
significantly. After reaching the critical time, t., all coalescent droplets

Early stage

turned into ice particles or crystals. In the early stage, non-uniform tip
growth occurs on individual crystals. After that, frost branches would
form at the top of the crystals. These frost branches grew in three di-
mensions and connected to neighboring frost branches, thus forming a
flat frost layer. In the middle stage, the frost layer appears globally
homogenous and possesses characteristics of a porous medium with its
height increases steadily. In the final stage, because the periodic frosting
and defrosting process caused by the fluctuation of the thermal resis-
tance of the porous frost layer occurs, the height of the frost layer keeps
constant. It is obvious for the surface wettability effect on the no frost
stage, while the effect disappears at latter three stages [27,28].
Compared with the latter two stages, the early stage takes shorter time in
a frosting duration. At this stage, higher wind speed will promote the
convective heat transfer between the frost surface and the environment,
thus has a certain influence on the frost thickness. While in the latter two
stages, the increase of air velocity is helpful to the nucleation of the
moist air in the porous frost layer, thus has an obvious effect on the frost
density [7,29]. Therefore, when analyzing the influence of a fixed factor
on frosting process, difference of stages should also be considered.

To illustrate the frost properties in the frosting process, many frosting
models were proposed in the open literature [25,30-34]. However,
these frosting models based on the whole frosting process actually only
considered the middle and final frosting stages, and didn’t pay much
attention to the early frosting stage. For example, A new semi-empirical
correlation for frost thickness proposed by Sommers et al. [25] was re-
ported with an average predictive error of 11.7% for nearly 930
experimental data points. But the authors clearly pointed out that the
model was not suitable for the initial conditions of frosting. Although the
model proposed by Hermes et al. [30] predicted well the experimental
trends for frost thickness for the time over 30 min, it showed poor
comparisons at the early stage. And same poor predictions happened on
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his previous model, too [31]. By using a computational fluid dynamics-
based model developed by Kim et al. [32], the average frost density was
in good agreement with experimental data with an error of 10% after 60
min. But during the early frosting stage, the maximum error reached
25%. In the study reported by Negrelli and Hermes [33], comparisons of
the proposed correlation with the experimental data showed that only
81% of the data points with an error of 15% could be predicted. And it
may result from ignoring of the early frosting stage. In the study of
Zendehboudi and Hosseini [34], regression plots between the measured
values and the actual values of frost layer thickness forecasted by six
different approaches were presented. But still, five of the six approaches
had obvious regression deviation in fitting of the initial conditions of
frosting. Actually, during the early frosting stage, the rapid changes of
frost properties make the analysis become more difficult [35]. And the
uneven distribution of frost layer makes the frost thickness hard to be
experimentally measured [29]. Many numerical studies are thus seri-
ously distorted when reflecting the early frosting process. Therefore, to
improve the validation accuracy of frosting numerical models, the early
frosting stage should be specially considered.

To sum up, influence of different factors on frosting process varies,
while many existing studies investigate several factors at a time with
incomprehensive results [36]. So, simultaneously investigate the multi
factors becomes necessary. But as some secondary factors have minor
effect on frosting, finding out the key influence factors by sensitivity
analysis is helpful to the analysis of the frosting process [37,38]. On the
other hand, the influence of factors in each frosting stage may be
different. Many studies have focused on the middle and final frosting
stages, with the early frosting stage not specially mentioned. This results
in low accuracy of the numerical models reported. Therefore, to accu-
rately predict and control the frosting process, it is of great significance
to develop a frosting model and analyze the key factors, with the early
frosting stage specially considered. Firstly, based on the reported
experimental data on cold plate under forced convection conditions,
sensitivity analysis with surface and environmental factors considered is
carried out. Then, in the modeling process, the influence of the key
factors on frosting in the initial conditions of frosting is specially
considered, and the corresponding frosting models are developed. After
analyzing and discussing the differences between the key factors in the
early frosting stage, the new models are further compared with previous
models and validated with experimental data from different studies.
Finally, quantitative conclusions of predicting frost growth are given.

Methods
Theoretical model of frost layer thickness

The theoretical model of frost thickness relies on the following as-
sumptions: (i) quasistatic, one-dimensional mass and heat diffusion, (ii)
uniform frost layer along the flat plate, and (iii) the applicability of the
Lewis analogy [39]. Therefore, both processes of frost growth and
densification are represented by the mass balance on and within the
frost layer, and thus the total mass flux of water vapor transferred to-
ward the frost layer is given by

d d dé
M=% (0n) =0 &
where, t is the frosting duration, ¢ is the frost thickness, p; is the density
of frost layer, and M is the mass flux. The first term of Eq. (1) refers to the
process of frost layer densifying over time, and the second term repre-
sents the part of water vapor increasing the frost thickness. On the other
hand, the frosting process follows the energy conservation theory. The
total energy transferred to the frost layer includes the convection heat
transfer on the frost layer and the latent heat of solidification released by
the vapor within the entire frost layer. Based on the energy conservation
theory, p; was simplified by Hermes et al. [40] and could be calculated
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by a semi-empirical correlation covering a wide range of operating
conditions with an error of 15%.
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where, p; is the density of the ice, C is a constant or a function of the
contact angle and the relative humidity, and n is a constant. Ja repre-
sents the ratio between the sensible heat and latent heat involved in the
desublimation process, and which could be calculated as follows.

Ja = (cp/ise) (Tip = T0) / (@ = @) @

where, ¢, is the specific heat of the air, and iy, is the latent heat of
sublimation. Ty, and T, are the dew temperature of the moist air and the
temperature of the cold plate, respectively. The absolute humidity of the
air and the absolute humidity of the saturated air at the temperature of
the cooled surface correspond to @ and wsqw, respectively. So,
substituting Egs. (2) and (3) into Eq. (1), the frost thickness could be
obtained,

8(1) = (ﬂ,- C%,,,) Vit % @

where, b is a constant, and M could be calculated as follows.

M = hyp, (04 — Osar) ©)

where, o, is the absolute humidity of the air, hy, is the convective mass
transfer coefficient. Based on the Lewis analogy [39,8], h,, could be
calculated as follows.

hy = (D/L)Re"Pr'/? (6)

where, D is the diffusivity of the water vapor in air, L is the length of the
plate, Re is the Reynolds number, Pr is the Prandtl number, and m cor-
responds to a constant, and is nearly 1/2 for laminar and 4/5 for tur-
bulent flows. Therefore, the basic expression of frost thickness can be
rearranged as follows.

_ Fa DAw mp..1/3 7 n i
5(t)7c<p[)< i )Re Pr°Ja \/er\/i 7

where, Aw/L is the humidity gradient, which could be short for Eq. (8) as
shown below. And Aw is named the supersaturation degree, represent-
ing the humidity ratio difference between the air stream and the frosting
surface.

Aw/L = (0, — Osar) /L €)

In Eq. (7), two asymptotes lie in the time domain, one related to the
first term /t and the other related to the second term 1//t. With the
increase of t, the values of the first and second terms will increase and
decrease, respectively. So, the first term stands for the frost growth over
time, while the second represents descent of the frost decay. To illustrate
the variation of frost thickness with time, take the derivative of § to t, as
shown below.

[ 1 DA b] 1
do = |ze(P) (222 RemPr g — 2| — 9
dt 2 \p; L 2t |\t

In Eq. (9), the first and second terms in the bracket are positive, and
the two terms are subtracted. However, at the beginning of frosting, i.e.
t = 0", the second term is much larger than the first term, which makes
the difference in the bracket negative. Define t = t; as the time at the
zero point of the deviation, thus when the time is less than t;, the de-
rivative of Eq. (7) is negative. Moreover, when the value of t is less than
1, the negative value is greatly amplified by 1//t, and then gradually
decreases during 1 ~ t;. Therefore, when the time is less than t;, the
derivative of Eq. (7) is negative and the variation of the derivative is
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large. Then the frost layer thickness decreases rapidly with time, as
shown by the green dotted line in Fig. 2. When the time reaches t; and
the derivative of Eq. (7) is O, the frost thickness reaches the minimum
value. After the time exceeds t;, the derivative of Eq. (7) gets positive
and the variation of derivative tends to be gentle. Then the frost layer
thickness increases steadily with time. When frosting enters the final
frosting stage, the frost thickness will remain constant due to periodic
frosting and defrosting process, as shown by the red solid line.
However, the mass flux of frost layer won’t be negative during the
whole frosting process, so the growth of frost layer represented by green
dotted line is impossible. As shown in Fig. 1, the early frost layer will
continue to grow on the frozen water droplet embryo formed in the no
frost stage, and the growth rate of the frost layer along the vertical di-
rection is fast in the early frosting stage. So, from the time duration of
0 to t7, the growth of the frost layer becomes an upward convex curve, as
shown in the blue solid line in Fig. 2. When the time reaches t;, the slope
of the blue line reaches 0, thus realizing the connection with the red line.
It should be noted that the duration of O to t; is short when compared
with the latter durations, and the growth of frost layer is actually like the
early frosting stage. That is, the growth of frost layer in the period from
0 to t; reflects the variation trend of frost thickness with time in the early
frosting stage. Afterwards, the frosting performance corresponds to the
variation trend of frost layer in the middle and final frosting stages.

Theoretical basis of optimization

In Eq. (7), the first term stands for the frost growth over time, while
the second is associated with frost decay. Eq. (7) can be simplified as
follows.

5=aVi+b/Vi (10)
or,
S\Vt=at+b 11)

From the expression of Eq. (11), t and 6/t could be regarded as the
independent and dependent variables of a linear equation, respectively.
Therefore, the slope of the linear equation is a, which represents the
growth rate of frost thickness over time during the whole frosting pro-
cess. And the intercept of the linear equation is b, which represents the
initial conditions of the frosting process, that is, the early frosting stage.
Considering the dependence of the frost thickness with the surface
wettability, the b-coefficient of Eq. (7) is expressed as an exponential
function of contact angle by Hermes et al. [8] as follows.

b = de* 12)

o Early stage

PSS -

Fig. 2. The variation trend of frost thickness with time at three frosting stages.
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where, d and k are constants, and 0 is the contact angle. Therefore, the
theoretical model proposed by Hermes et al. [8] could be rearranged as
follows.

k6O
8(t)=c <ﬁ) (D%AW) Re"Pr'/3Ja" /i + % 13)

In such a way the coefficients c, d, m, n and k of this theoretical model
are to be fitted against the experimental data. Results show that most of
the experimental points lie in the error of 15%, with 131 points out of
792 outside of this range. That is, the theoretical model is able to predict
83% of the experimental data points. Now define the relationship be-
tween 5, A and B as shown in Egs. (14) and (15) below.

DA kO
5(t)=c ({;—‘:) (TW> Re"Pr'Ja" /1 + % =A+B 14
A Pa DAw Re"P. 1/31 n\/{ dekﬂ (15)
=c|==||——|Re"Pr/’Ja =—
AN Vi

From the content of analogy, A and B correspond to a and b of Eq.
(11), respectively. Therefore, A/5 and B/§ reflect the proportions of the
whole frosting process and the early frosting stage in the expression of
frost thickness, respectively. Because the influence of various factors on
frosting in each stage is different, the proportions of A/S and B/§ are
changing within the whole frosting process. To clearly show the differ-
ence of fitting of A/5 and B/5 when reflecting the frosting process, the
experimental data of a 7,200 s-experiment obtained by Hermes et al. [8]
is used in this study. Divide 7,200 s into several periods, as shown in
Table 1. It should be noted that in the process of fitting, the coincidence
rate (Cr) represents the ratio between the fitted and experimental frost
thickness data points with the relative error deviation (A) of 15%. And
the relative error deviation (A) could be calculated as follows.

6ﬁl - 5

A == (16)

where, g is the fitted frost thickness obtained by the fitting correlation.

Table 1
Summary of the fitting results of the theoretical model in each period.
Group Period (s) Coincidence number/ Cr A/ B/
Total number (%) 5 (%) S (%)
1 600-7,200 579/715 83.00 >99 <1
2 600-1,200 93/130 71.53 >99 <1
2,400-3,000 118/130 90.76 98 ~ 1~2
99
3,600-4,200 118/130 90.76 82 ~ 7 ~18
93
4,800-5,400 119/130 91.53 70 ~ 13 ~
87 30
6,000-7,200 175/195 91.79 67 ~ 14 ~
86 33
600-7,200 627/715 87.69 / /
3 600-2,400 151/195 77.43 >99 <1
3,000-4,200 177/195 90.76 90 ~ 4 ~10
96
4,800-6,000 179/195 91.79 72 ~ 12 ~
88 28
6,600-7,200 122/130 93.84 65 ~ 17 ~
83 35
600-7,200 628/715 87.83 / /
4 600-3,000 212/260 81.53 >99 <1
3,600-5,400 237/260 91.15 79 ~ 7~21
93
6,000-7,200 179/195 91.79 67 ~ 14 ~
86 33
600-7,200 628/715 87.83 / /
5 600 48/65 73.84 >99 <1
1,200 51/65 78.46 >99 <1
2,400 60/65 92.30 97 ~ 1~3
99
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As shown in Table 1, compared with Cr = 83% in Group 1 obtained
by the theoretical model [8] within 7,200 s, that of the staged fitting at
least increases to 87.69%, which means the staged fitting can indeed
improve the fitting effect. However, the improvement of the staged
fitting is not obvious. In the observation of the fitting effect of each
group, Cr of the periods within 2,400 s is significantly lower than that of
other periods. As shown in Groups 2-4, Crs of the periods within
600-1,200, 600-2,400 and 600-3,000 are 71.53%, 77.43% and 81.53%,
respectively, while Crs of other periods are at least 90%. In Group 5, the
experimental data of 600, 1,200 and 2,400 s are separately fitted with
Eq. (13), it can be seen that Crs are obviously lower within 1,200 s.

The reason of the poor fitting effect of the model is that this model
can’t express the relationship between the experimental data and the
model expression. Therefore, Eq. (13) as the early frosting stage model is
not ideal. As mentioned earlier, B/§ reflects the proportion of the early
frosting stage in the expression of frost thickness. As shown in Table 1,
B/S§ is at least greater than 1% in most periods and Crs of these periods
are greater than 90%, indicating a good fitting effect. However, B/§ in
periods within 1,200 s with poor fitting effect is less than 1%, which
means Eq. (13) doesn’t express the performance of frost growth in early
frosting stage. To reflect the proportion of the early frosting stage, the
emphasis should be put on the reflection of B/5.

Sensitivity analysis

The model optimization process needs to investigate the influence
degree of each variable on frosting, so sensitivity analysis is needed. As a
indicates the frost growth rate and b informs the initial conditions of the
frosting process, by investigating the influence of factors on a and b, the
key factors in the frosting process can be found. In this section, multi-
variate linear fitting is introduced to investigate the linear relationship
between the independent variables and the dependent variables, as
shown below.

=+ AD +WAT + a3V +ay Ty +asT, + g 17

b = fo+ B AD + AT + BV + T, + BT+ o (18)

where AT is the supercooling degree, representing the temperature
difference between the frost surface and the dew-point. The coefficients
belonged to the independent variables directly reflect the influence of
independent variables on the dependent variable. By summing up the
absolute values of each coefficient, the proportion of the absolute value
of a single coefficient in the sum can be obtained. Then the independent
variables having obvious influence on the dependent variable will be
found. In all cases, dimensionless forms of the independent and depen-
dent variables were adopted, being calculated from,

y— Ymax ;’)’mm

y= 19

Use the experimental data of 69 groups obtained by the frost growth
on a cold plate under forced convection conditions provided by Hermes
et al. [8], through simple linear fitting of Eq. (11), the corresponding a
and b of each group can be obtained. Afterwards, a rich set of a and b
arrays which can be used for sensitivity analysis will be set up, so as to
investigate the influence of each independent variable on the dependent
variables. Take the Test #16 as a sample, as shown in Fig. 3. The slope of
the dotted line represents the value of a, so a = 0.0392. The intercept of
the dotted line on the y-axis represents the value of b, so b = 0.11.
Moreover, the goodness of the linear fitting R? is 0.999, which shows an
excellent fitting effect.

The process of model optimization

The coefficients belonged to the independent variables directly
reflect their influence degree on the dependent variable. So, after
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Fig. 3. Data sample with linear best fit.

sensitivity analysis the key influence factors in the frosting process will
be found. Based on the factors obtained, the model optimization process
is illustrated as the flowchart shown in Fig. 4, and the main steps of the
process are listed as follows.

i. Sensitivity analysis with independent and dependent variables
corresponding to the experimental data is carried out;

ii. Combine the key factors obtained from sensitivity analysis with
exhaustive method to generate groups of the optimized models to
be verified;

iii. Take one of the optimized models to fit the corresponding
experimental data, and output the value of the coefficients and
Cr;

iv. Compare Cr of each group of the optimized models with that of
other groups. If Cr of the new optimized model is bigger than

Sensitivity analysis

(0. T, T, V. Aw, AT)

Set independent variables
and generate combinations

v

Take one of the combinations
to generate a new model

A better Cr reached? Save optimized model

All the combined
models examined?

Output the optimized model End

Fig. 4. Flowchart of optimizing the models in early frosting stage.
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previous ones, save the model; if not, another new model will be
selected for fitting;

v. Until all the combined optimized models have been fitted, the
model with the best fitting effect, the maximum Cr, of all com-
binations including the theoretical model represented by Eq. (13)
is output.

Results and discussions
Influence of each factor in the initial condition of frosting

According to the content of Section 2.3, after sensitivity analysis, the
coefficients of the independent variables are obtained. Then sum up the
absolute values of the coefficients, the proportions of each coefficient in
the sum are shown in Fig. 5. It can be seen from Fig. 5(a) that, for the
whole frosting process, the influence of AT is the largest, whose pro-
portion reaches 45.29%, followed by Ty, Aw and T,, whose proportions
are 23.1%, 20.97% and 9.73%, respectively. Moreover, the influence of
V and 6 can be almost ignored, because the sum of the proportions of
these two factors is less than 1%. However, in order to show the influ-
ence of various factors in the initial conditions of the frosting process
and modify part B accordingly, the core of the study is the influence of
each factor on B. As shown in Fig. 5(b), with all the factors considered,
the order of influence degree from large to small is Aw, AT, Ty, V, Tg, 6.
Compared with the influence of the first three factors, that of the latter
three is not obvious. That is, the proportions of Aw, AT and T, are
39.42%, 35.58% and 21.15%, respectively, while the sum of the pro-
portions of the latter three only reaches 3.84%. According to the results,
with all the factors considered, Aw, AT and T, are always the key factors
influencing the frosting process. T, is important for the whole frosting
process, but not for the initial condition of frosting. V and 6 seems to
have little influence on frosting. Actually, as far as Aw and AT are non-
zero, the successive nucleation and embryo growth process will go on
[31]. That means, Aw and AT directly influence the mass driving po-
tential. From the perspective of convective heat transfer, T, and V will
undoubtedly influence the frosting process, and higher temperature air
usually can hold more moisture [25]. But for the frosting process on a
cold plate which is dominated by the heat conduction, T,, mainly in-
fluences the heat transfer process, while the influence of T, and V is not
obvious. As mentioned earlier, the surface wettability has a strong in-
fluence on the no frost stage, as it affects the droplet crystallization
process, while its influence disappears at latter frosting process.

Now review the part represented by b in Eq. (13), which is merely
related to 0. According to the sensitivity analysis, it’s known that 6
actually has little influence on b. Therefore, such an expression of b can’t
reflect the initial conditions of frosting, which directly leads to the

9.739% 0-31%

23.1%

(a) Influence of each factor on a

Sustainable Energy Technologies and Assessments xxx (XxxX) Xxx

proportion of B/§ less than 1% within 1,200 s as shown in Table 1. As
Aw, AT and T, are the key influence factors on b among the factors
considered, these three factors are taken as single, paired and triple
combinations in the form of exhaustive method to investigate the effect
of the optimized models on frosting.

The initial period of early frosting stage within 600 s

According to the flowchart in Fig. 4, the fitting results of each pro-
posed model with 65 experimental data points within 600 s are shown in
Table 2. It has been mentioned that the key influence factors on b are
Aw, AT, T,,. However, Cr of the model obtained by the combination of
these three factors in Group 7 is 75.38%, while Cr of the model obtained
by the combination of Aw and AT in Group 6 is 81.53%. Compared with
the model under the interaction of three factors, the model under the
interaction of Aw and AT can better reflect the frosting process in the
initial period of early frosting stage. And the heat conduction effect of
cold plate on the growth of frost layer is not fully reflected at this period.
The reason is, in this period, the frost thickness is small, thus the frost
surface temperature is close to the cold plate temperature, maintaining
at a lower temperature. At the same time, a lower frost surface tem-
perature corresponds to a lower humidity of the saturated air, i.e. ®sqw
[31]. Therefore, in this period, Aw and AT are greater than the latter
periods, and have greater mass driving potential to promote the nucle-
ation and embryo growth process. And when the frost layer is initially
formed, it will become an insulation and increase the heat transfer
resistance owing to its porous characteristics, making the effect of T, is
not obvious at this period.

Above all, the new model for the initial period of the early frosting
stage on the cold plate surface under forced convection conditions
within 600 s is shown in Eq. (20), and the corresponding coefficient
values are ¢ = 8449.6, m = 0.7983, n = 1.6827, c; = 0.5016 and ¢, =
1.5993 with its Cr = 81.53%.

d=c (p—“> <%> Re"Pr'Ja" /1 + (Aw)?(AT)? (20)
Pi L Vi

As shown in Table 2, the proportion of A/§ in Group 6 is from 70% to
100%, and the corresponding B/§ from 0 to 30%, which means the new
model has reflected the proportion of early frosting stage within 600 s.
Moreover, based on the theoretical model of Hermes et al. [8], a
modified model proposed by same authors considering the important
role of AT in the whole frosting process is introduced, as shown below.

c) + CzAT

NG

where, m, n, c; and ¢, are all constants. Compared with the theoretical

85 =m(AT)" i+ @n
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(b) Influence of each factor on b

Fig. 5. Sensitivity analysis of a and b with respect to Aw, AT, V, T, Ty, and 6.
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Table 2
Results of each model in the initial period within 600 s.
Group A B Coincidence number/Total number Cr (%) A/S (%) B/§ (%)
1 A" (Aw)* 48/65 73.84 >99 <1
Vit
2 Ay (AT)* 48/65 73.84 91 ~ 96 4~9
Vit
3 Ay (Tw)* 48/65 73.84 91 ~ 96 4~9
NG
4 A (AT)" (Tw)™ 46/65 70.76 4 ~20 80 ~ 96
\/t
5 A (Aw)? (Tw)* 47/65 72.30 26 ~ 69 31 ~ 74
Vit
6 A (Aw)7 (AT)® 53/65 81.53 70 ~ 100 0~ 30
Vit
7 A (Aw)? (Tw)®2 (AT)" 49/65 75.38 77 ~ 100 0~23
NG
8 A de*? 48/65 73.84 >99 <1
G
9 m(AT)"\ft €1 + AT 40/65 61.54 85 ~ 290 —190 ~ 15
NG
DA
2A = c(/;—“) (Tw> Re™Pr'/3Ja" /i
i

model [8], Cr of the modified model for the whole frosting process is
improved to 90%. However, when using this modified model to fit the
experimental data points, which is shown in Group 9, its Cr only reaches
61.54%. And the proportion of A/ of the modified model is even greater
than 100%, correspondingly, the proportion of B/§ reaches a negative
number. In other words, in order to reflect the growth of frost layer in
the whole frosting process, the modified model has overemphasized the
expression of A, which represents the whole frosting process, but the
expression of B, which represents the early frosting stage, was ignored.

In the process of fitting with the theoretical and modified models of
Hermes et al. [8] and the new model of this study, the ratio of A/ under
each selected data point within 600 s is shown in Fig. 6. It can be seen
that A/ of the frost model within 600 s represented by the theoretical
model always adheres to 100%, which makes the B/5 representing the
early stage insufficient. On the other hand, the modified model over-
emphasizes the growth of frost layer in the whole frosting process,
causing A/S is even greater than 100%. However, the new model does
not show excessive performance in A/8, which makes B/5 reflect the
proportion of fitting in the frosting process, thus increasing Cr.

To show the difference between this new model and previous models
in the prediction of frost growth in the initial period of early frosting
stage, a dimensionless model considering the frost surface temperature
proposed by Hermes [30] and a simplified model on the surface of flat
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Fig. 6. Ratio of A/5 under each selected data point within 600 s.

plate proposed by Sommers et al. [41] are introduced, as shown in Egs.
(22) and (23), respectively.

\/db +4dyr — d

xo2_
L 2
P <2+'T) d—i <2+'f) @2
() M (14 T) (0 1 da)
8 = by + b1 (23)

where, X, @, T and k are all dimensionless parameters, representing the
dimensionless frost thickness, supersaturation degree, air-to-surface
temperature difference and thermal conductivity, respectively. Nu is
the Nusselt number associated with the boundary layer over the frost
surface. by, b; and b, are constants related to the experimental
conditions.

Compared with the experimental data proposed by Hermes et al. [8],
prediction of the four models including the new model of this study, the
modified model [8], the dimensionless model [30] and the simplified
model [41] on the frost thickness in the initial period of early frosting
stage is shown as Fig. 7. Take 15% as the allowable range of relative
error deviation, as shown by the dotted line. Crs of the new model, the
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Fig. 7. Difference of relative error deviation between models within 600 s.
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modified model, the dimensionless model and the simplified model are
81.53%, 61.54%, 49.23% and 21.53%, respectively.

Prediction effect of each model is clearly reflected in Fig. 7. It can be
seen that the prediction of the simplified model is almost randomly
distributed, which is caused by the random change of by, b; and b, due to
the diversity of the experimental conditions. Moreover, when the frost
thickness is 0.2-0.4 mm, the relative error deviation of the simplified
model is greater than 60%, so it is not shown in the figure. After the frost
thickness reaches 0.6 mm, prediction of frost thickness by the dimen-
sionless model has been improved, while it’s poor before 0.6 mm, which
makes the relative error deviation present a left-down inclined distri-
bution. Also, when the frost thickness is 0.2-0.4 mm, the relative error
deviation of the dimensionless model is too large to be reflected. This is
due to the fact that the early frosting stage is ignored in the dimen-
sionless model. Compared with the other two models, relative error
deviation of the modified model and the new model present a more
uniformly middle distributed. And the new model is more in line with
the requirements of relative error deviation than the modified model.
And within the fitting range of frost layer thickness from 0.4 to 1.2 mm,
the fitting relative error deviation of the new model is closer to 0 in the
ordinate, which means the fitting effect can be better reflected.

It can be seen that there are no data points within 0-0.2 mm in Fig. 7.
The reason is that, as shown in Fig. 1, there are frozen droplets in the no
frost stage, which have a height of h. In the subsequent early frosting
stage, the early frost layer will continue to grow on the frozen water
droplet embryo, and the growth rate of frost layer along the vertical
direction is fast. On the other hand, the experimental data obtained by
Hermes et al. [8] is measured at 600 s, which means the frost layer has
grown to a certain thickness.

The middle period of early frosting stage within 600-1,200 s

According to the flowchart in Fig. 4, the fitting results of each pro-
posed model with 65 experimental data points within 600-1,200 s are
shown in Table 3. As shown in Group 7, under the interaction of Aw, AT
and T, Cr reaches the maximum value of 84.61%, which means the
simultaneous action of these three factors can better reflect the frosting
process during this period. As discussed earlier, the heat conduction
effect of the cold plate on the growth of frost layer is not fully reflected
within 600 s. Then, the results in Table 3 shows that the heat conduction
effect of the cold plate is gradually fully reflected after 600 s. This result
is enough to subvert our understanding of the key influence factors on
the growth of frost layer from the very beginning, as it is generally re-
ported that the heat conduction effect of cold plate on frosting must
always account for a significant proportion in the whole frosting process.
The reason is that the porous characteristics of the frost layer allows the
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moist air to get into and freeze inside the frost layer in the frosting
process [31]. Afterwards, the frost layer becomes denser, correspond-
ingly, the thermal conduction resistance decreases, resulting the heat
conduction effect of cold plate increases. Actually, the growth of the
frost layer will gradually reduce the heat conduction of the cold plate
and increase the frost surface temperature, resulting in the decrease of
Aw and AT. But in this period, the frost surface still keeps at a low
temperature, so the variation of Aw and AT is not obvious.

Above all, the new model for the middle period of the early frosting
stage on the cold plate surface under forced convection conditions
within 600-1,200 s is shown in Eq. (24), and the corresponding coeffi-
cient values are ¢ = 9420533.9, m = 0.1669, n = 1.0336, c; = 156.4719,
c2 = 127.3022, c3 = 9.7036, with its Cr = 84.61%.

— ofPa) (PADN i 1/3 50 (M) (T,,)* (AT)"
5—c( >< i3 )Re Pr’°Ja \ﬁ+—\ﬂ 24)

Additionally, it can be seen from Group 7 that A/§ reaches 83%
~100%, correspondingly, B/5 is 0 ~ 17%. That means, compared with
the proportion of B/é in the initial period, the proportion of B/§ de-
creases significantly in the process of fitting within 600-1,200 s. The
reason is that, B reflects the early frosting stage, the smaller the time is,
the more the corresponding frosting process reflects the initial condi-
tions. As time goes on, the specific proportion of B will gradually
decrease, so the specific value of B/5 should also drop to a certain extent.
On the other hand, when the modified model is used to express the
frosting progress in the middle period of early frosting stage, there exists
an over expression of A/§, correspondingly, the proportion of B/§ even
reaches a negative number, resulting in poor fitting of the frosting
process.

Similarly, compare the four models including the model of this study,
the modified model [8], the dimensionless model [30] and the simpli-
fied model [41] with the experimental data proposed by Hermes et al.
[8] on the frost thickness in the middle period of early frosting stage, the
relative error deviation of each model is shown as Fig. 8. Take 15% as
the allowable range of relative error deviation, as shown by the dotted
line. Crs of the new model, the modified model, the dimensionless model
and the simplified model are 84.61%, 72.30%, 56.92% and 21.53%,
respectively. That is, in the middle period of the early frosting stage, the
new model, the modified model and the dimensionless model have
improved the prediction of frost thickness, while the simplified model
still has a poor performance. And it can be seen that the distribution of
the relative error deviation of these four models is similar to that in the
initial period, and the reason to the result is the same as illustrated
above. Compared with the modified model, the relative error deviation
of the new model is closer to the 0-axis. When the frost layer thickness is
1.0-1.8 mm, the new model has better fitting convergence effect, and

Pi

Table 3
Results of each model in the middle period within 600-1,200 s.
Group A B Coincidence number/Total number Cr (%) A/8 (%) B/é (%)
1 Ay? (Aw)° 52/65 80.00 >99 <1
Vit
2 Ay (AT 52/65 80.00 3~23 77 ~ 97
NG
3 Ay (Tw)* 50/65 76.92 95 ~ 98 2~5
NG
4 A (AT)™ (Tw)™ 52/65 80.00 4~22 78 ~ 96
\t
5 A (Aw) (Tw)® 52/65 80.00 76 ~ 100 0~ 24
Vit
6 A (Aw)* (AT)® 51/65 78.46 43 ~ 67 33 ~ 57
Vit
7 A (Aw) (Tw)® (AT)® 55/65 84.61 83 ~ 100 0~17
NG
8 Ay dek? 51/65 78.46 >99 <1
t
9 m(AT)"/t €1 + AT 47/65 72.30 95 ~ 150 -50 ~5
NG

aA = C<IZT‘1> (m#)RemPrl/BJanﬁ.
i
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Fig. 8. Difference of relative error deviation between models within
600-1,200 s.

can make the fitting model and the experiment data present a better
corresponding relationship.

The developed period of the early frosting stage within 1,200-2,400 s

According to the flowchart in Fig. 4, the fitting results of each model
within 1,200-2,400 s are shown in Table 4. As shown in Group 5, the
interaction of Aw and T, has a greater influence on the growth of frost
layer in this period, with its Cr reaches 86.92%. From the previous
discussions, the heat conduction effect of the cold plate surface begins to
be fully reflected after 1,200 s. Then the period within 1,200-2,400 s
examined here further confirms the previous conclusion. However, in
the expression of B, AT was omitted, which means the effect of AT in the
developed period was covered up by the interaction influence of the
other two factors. As mentioned earlier, the growth of frost layer will
lead to increase the frost surface temperature and the decrease of Aw and
AT. However, when the frost surface temperature increases by the same
extent, the decrease of Aw is smaller than that of AT [31]. That is, the
influence of AT will decrease significantly at this period, while Aw still
has a certain influence on frosting.

Above all, the new model for the developed period of the early
frosting stage on the cold plate surface under forced convection condi-
tions within 1,200-2,400 s is shown in Eq. (25), and the corresponding
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coefficient values are ¢ = 5296776.8177, m = 0.2285, n = 1.0869, c; =
127.2331, cg = 149.4872, with its Cr = 86.92%.

— Pa & mp 1/3 7 n (A(‘))C‘ (TW)F2
57c< )( 2 )Re Pri/’°Ja \/;-'r—\/; (25)

Additionally, as the frosting process goes on, the proportion of B in
the developed period should be gradually reduced, which means it is no
longer meaningful to deliberately increase the proportion of B/S. As
shown in Groups 8 and 9 in Table 4, the theoretical and the modified
models [8] are used to express the frosting process within 1,200-2,400 s.
Although the proportions of A/§ reach greater than 99%, correspond-
ingly, the proportion of B/§ are less than 1%, Crs of these two models
have exceeded 80%. That is, in the middle and final frosting stages,
optimization on the frosting model according to the expression of B
won’t help the fitting effect perform better. By contrast, optimizing the
expression of A, which is mainly affected by AT, should be emphasized.
The modified model [8] modifies A and B at the same time, but in fact,
the core amendment is to modify the expression of A. So, the modified
model can’t reflect the frosting process well in the early frosting stage,
while with the frosting process going on, Cr of the model is further
improved.

i

The whole period of the early frosting stage within 2,400 s

According to the flowchart in Fig. 4, the fitting results of each model
in the whole period of the early frosting stage within 2,400 s are shown
in Table 5. As shown in Groups 5 and 7, Crs both reach 80%. It is
reasonable to believe that the interaction of Aw and T, or the simul-
taneous action of Aw, AT and Ty, have greater influence on the growth of
frost layer in the whole period of the early frosting stage. However,
when fitting the models during this period, 195 experimental data points
are selected. Although such data points have reached a certain scale,
with the increase of data points, the difference of fitting effect between
these models will be further reflected. Therefore, one reason for the
same Crs of Groups 5 and 7 is that the selected experimental data points
are not enough to distinguish the fitting differences between these two
models. On the other hand, from the analysis of Tables 2-4, Aw and AT
are the key factors in the initial and middle periods, while T, is a key
factor after the initial period and is further strengthened in the subse-
quent periods. Although the influence degree of each factor is different,
which makes the frosting model change in each specific period, these
three factors Aw, AT and T, all play a key role in the initial and middle
periods. So, for the evaluation of the frosting model within the whole
period, the influence of three factors should be simultaneously
considered.

Above all, the model for the whole period of the early frosting stage

Table 4
Results of each model in the developed period within 1,200-2,400 s.
Group A B Coincidence number/Total number Cr (%) A/5 (%) B/5 (%)
1 Ay? (Aw)© 109/130 83.84 >99 <1
NG
2 A (AT)® 106/130 81.53 95 ~ 99 1~5
Vit
3 Ay (Tw)° 106/130 81.53 95 ~ 99 1~5
i
4 A (AT)® (Tw)® 106/130 81.53 95 ~ 99 1~5
Vit
5 Ay (Aw)“ (Tw)®2 113/130 86.92 75 ~ 100 0~ 25
NG
6 Ay (Aw)? (AT)® 102/130 78.46 >99 <1
Vi
7 Ay (Aw) (Tw)2 (AT)® 102/130 78.46 67 ~ 100 0~ 33
8 Ay dek? 108/130 83.07 >99 <1
Vi
9 m(AT)"/t €1 + AT 104/130 80.00 >99 <1
Vit
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Table 5
Results of each model in the whole early frosting stage within 2,400 s.
Group A B Coincidence number/Total number Cr (%) A/8 (%) B/§ (%)
1 Ay? (Aw)© 152/195 77.94 >99 <1
NG
2 Ay (AT)® 145/195 74.35 91 ~ 98 2~9
NG
3 Ay (Tw)* 145/195 74.35 91 ~ 98 2~9
NG
4 A (AT)® (Tw)® 145/195 74.35 91 ~ 98 2~9
NG
5 Ay (Aw)4 (Tw)® 156/195 80.00 70 ~ 100 0~ 30
Vit
6 Ay (Aw) (AT)* 153/195 78.46 76 ~ 99 1~24
N
7 A (Aw)" (Tw)* (AT) 156/195 80.00 73 ~ 100 0~27
NG
8 Ay de? 151/195 77.43 >99 <1
9 m(AT)"Vt c1 +CAT 145/195 74.35 >99 <1

aA = c(p“) (#)RemPrlmJa"\ﬁ.

i

on the cold plate surface under forced convection conditions is shown in
Eq. (26), and the corresponding coefficient values are ¢ = 7696971.25,
m = 0.1889, n = 1.0536, c; = 122.5853, cz = 104.3204, c3 = 0.00008
with its Cr = 80%.

5= C( ) (Diw> Re"Pr'iJa’ /i + M

Moreover, as shown in Period 2,400 in Table 6, Eq. (26) is used to
fit the frosting process at 2,400 s with its Cr reaches 92.30%, which
means that Eq. (26) can greatly reflect the frosting process after 1,200 s.

(26)

i

Improvement of the new models in different periods within 2,400 s

The results of comparison between the modified model [8] and the
new models of this study within 2,400 s is shown in Table 6. It is worth
mentioning that the dimensionless model [30] and the simplified model
[41] do not reflect the consideration of the initial conditions of frosting,
and Crs of these two models for the early frosting stage is poor, so they
are not included in the comparison.

It can be seen from Table 6 that in the early frosting stage, the new

models show obvious optimization effect when compared with the
modified model, especially in the initial period within 0-600 s as shown
in Group 1, with its fitting improvement rate reaches 32.5%. B repre-
sents the initial conditions of frosting, so in the early frosting stage,
emphasis should be placed on the proportion of B, as shown in Group 1,
the proportion of B/§ is from 34% to 74%. As the frosting process goes
on, the proportion of B in the overall expression also has a significant
decline, so the optimization effect of the new models for B has a certain
decline. As shown in Groups 2 and 5, which represent the middle and
developed periods of the early frosting stage, the improvement rates of
the new models are 17.02% and 7.63%, respectively.

Although the increase range is not as good as that in the initial
period, it is enough to show that the proportion of B in each model
should be paid attention to in the early frosting stage. Therefore, the
expression of the new model for B can significantly reflect the growth of
frost layer in the frosting process. Additionally, in the model optimiza-
tion which involves the time close to 2,400 s, in the Groups 3 and 4, the
difference of fitting effect between the new model and the modified
model is small. The reason is that the reflection of B in the whole frosting
model is no longer important in the developed early and non-early

Table 6
Comparison between the modified and optimized models in each period within 2,400 s.
Group  Period (s) The modified model of Hermes et al. [8] The new models Comparison
Model Cr A/s B/5 (%) Model Cr A/S B/§ Improvement rate
(%) (%) (%) (%) (%) (%)
1 0-600 n 61.53 85 ~ —190 ~ DAw 81.53 26 ~ 34 ~ 32.50
AT) /'t jtnidd mp,1/3
m(AT)"VE + oo 18 ( )(L)RePr JarE + s e
c1 + AT ( )Cl (AT)CZ
v Vi
2 600-1,200 n 72.30 95 ~ -50 ~ 5 Aw 84.61 43 ~ 34 ~ 17.02
’ AT)"Vt DAWN o mp1/3 7.0
m(AT)"V/t + 150 ( ) I )Re Pri/3Jatt + 66 57
G+ Al (Aw)* (AT)® (Tw)®
Ve Vi
3 2,400¢ n 87.69 97 ~ —-20~ 3 P DAw 92.30 97 ~ 1~3 5.25
AT)" V't a ) (22" ) Remprl/3 jgn ae
m(AT)"VE + 120 c(pi) I )R Pri/3Jd \ft+ \/f 99
c1 + AT
4 2,400 vt 87.69 97 20~ 3 92.30 86 0 5.25
4000 n . ~ —20 ~ P Aw 1370 8 ~ ~ .
AT)" V't Pa ) (227 \Re™prl/
m(AT)"VE + 120 C(/’L‘) L )R PrifJa" e + 100 14
c1 + AT (AW) (AT)? (Tw)®
v Vi
5 1,200-2,400 n 80.76 95 ~ —-50 ~ 5 P Aw 86.92 75 ~ 0~ 7.63
AT) "/t Pa ) (Z2%W mp,1/3
m(AT)"VE + 150 C(/h') I )Re pri3ja"Ve + 100 25
c1 + AT (Aw)“! (Tw)
vt Vit
6 0-2,400 n 74.35 80 ~ —190 ~ P, Aw / 80.00 82 ~ 0~ 7.50
AT t Pa) (ZEW mp,1/3 7.n
m(AT)"VE + 290 20 C(/)i) L )Re Prifa e+ 100 18
c1 + AT (AW) (AT)® (Tw)®
Vi Vi
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frosting stages after 1,200 s, so the investigation of A is more reasonable.

Comparison between the experimental and fitted frost thickness with
the new models of this study, modified model [8], dimensionless model
[30] and simplified model [41] within 1,200 s is shown in Fig. 9. The
two straight lines represent the allowable range of relative error devi-
ation of 15% between the experimental and fitted data. It can be seen
that the simplified model and the dimensionless model have a serious
deviation within 1200 s. The fitting effect of the modified model is
improved when the frost thickness is greater than 0.6 mm, however, in
the fitting of frost thickness within 0.2-0.6 mm, the fitting effect is
insufficient. The reason is that the frost thickness of this value represents
the growth of frost layer in the initial period of the early frosting stage.
In addition to the large deviation for several values, the new model has
good fitting effect in the whole 1,200 s, and distribution of fitting points
is more concentrated.

The whole frosting process within 7,200 s is described by the models
shown in Table 7. It can be seen that the proportion of A/§ is gradually
increasing in the early frosting stage, correspondingly, that of B/§
decreasing, which means the proportion reflecting the initial conditions
of frosting should decrease. In the subsequent frosting stages, the
theoretical model of Eq. (13) is used to reflect the frosting process in
each period, because the model could reflect the frosting process well.
That is, from the specific proportion value of A/§ and B/§, i.e. A/5 is
from 65% to 96% and B/§ is from 4% to 35% in Groups 4-6, the theo-
retical model has representation of A and B, resulting in Crs reach at
least 90%. The comparison between the experimental and fitted frost
thickness within 7,200 with the models in Table 7 is shown in Fig. 10.
The two straight lines represent the allowable range of relative error
deviation of 15% between the experimental and fitted data points. It can
be seen that most of the data points conform to the fitting error range.
After this correction process, the overall Cr of the frosting models within
7,200 s is 90.35%, which is 8.86% higher than previous theoretical
model of Hermes et al. [8].

Model validation

To verify whether the new models can better reflect the early frosting
process under different working conditions, the experimental data ob-
tained from Cheng and Wu [42] and Lai et al. [43] based on the con-
ditions of cold plate and round tube, respectively, is used. Because this
study mainly focuses on optimizing the initial conditions of frosting,
optimization of the expression of A in the modified model proposed by
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Fig. 9. Comparison between experimental and fitted frost thickness within
1,200 s.
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Hermes et al. [8] is considered. Result shows that the frosting model
with simultaneously optimized expressions of A and B improved the
reflection of the early frosting process compared with the previous
modified and new models with single optimized expression, and the
average improvement rate reaches 11.82%. The combined optimized
models used for the initial, middle and developed periods of the early
frosting stage are shown in Egs. (27)-(29), respectively.

(Aw)" (AT)*

5 =m(AT)'Vi+ 7 27)

5= m(AT)"\/f+% (28)
_ n (Aw)"(T,,)" (AT)"

5 =m(AT)" Vi + NG (29)

The results of the models compared with the experimental data of
early frosting stage under different working conditions are listed in
Table 8. It can be seen that although the frosting process is complicated
under different conditions, the expressions of the models could show the
corresponding period of frosting process well. As the frosting condition
of this study is the early frosting process on cold plate, the fitting effect
of experimental data on cold plate from Cheng and Wu [42] is good,
whose error deviation rate is generally controlled within 5%. On the
other hand, when introducing the experimental data on round tube from
Lai et al. [43], although it shows a large error offset in the initial period,
whose error deviation rate reaches 17.48% as shown in Case 4, the
fitting effect is gradually improved in the subsequent periods. The
reason is that the difference of the shape between the cold plate and the
tube will inevitably lead to the difference of heat transfer process.
However, with the development of frosting, the frosting process tends to
be stable and AT becomes the most vital factor affecting the frosting
process. The influence of AT conceals other factors on frosting, with
geometric differences included. In the fitting of the early, middle and
developed periods of the early frosting stages, the average error
migration rates of each period are 7.4%, 5.93% and 3.31%, respectively.
Such average migration rates illustrate the good fitting effect of the
corresponding optimized models for each period in early frosting stage.

It should be noted that there is a smaller deviation in the initial
period of Case 6, which is only 2.69%. This is because the measurement
deviation of frost thickness in the experiment always exists. In the early
frosting stage, the frost thickness is small, thus minor measurement
deviation may also have a great impact on the fitting process. However,
when using the model to fit and analyze the experimental data, the
originality of the experimental data should be fully considered. There-
fore, in the fitting process, the fitting results of each point are the final
content that should be reflected. But in fact, based on the trend of cur-
rent fitting results, the deviation of the initial period of Case 6 should be
at least>10%.

Comparisons between experimental and fitted frost thickness on cold
plate and round tube in the early frosting stage are shown as Figs. 11 and
12. It can be seen from Fig. 11 that the fitted frost thickness is always
close to the experimental frost thickness with the increase of time. And
as the frosting process goes on, the relative error deviation gradually
converges to the 0-axis, which means the fitting effect is improving. As
shown in Fig. 12, there is a significant gap between the experimental and
fitted frost thickness from the beginning. However, as the frosting pro-
cess goes on, the relative error deviation quickly converges to the 0-axis,
and the fitting effect has improved a lot at the end of the developed
period of the early frosting stage.

Conclusions

New frosting models under forced convection conditions are devel-
oped and validated, with surface and environmental factors considered.
To improve the models’ accuracy, the early frosting stage is specially
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Table 7
Summary of the final models selected in each period within 7,200 s.
Group Period (s) Model Coincidence number/Total number Cr (%) A/S (%) B/ (%)
1 o c2 1. 26 ~ 1~
600 c //)Ta Diﬂ Re™PAAIEVE 4 w 53/65 81.53 6 ~ 69 3 74
2 1,200 . (AT (Tw)® 55/65 84.61 83 ~ 100 0~17
> c %1 D;ﬂ RemPrl/gJa"\/E+M 4
3 2,400 . , (AT (Tw)® 60/65 92.30 97 ~ 99 1~3
4 c % D;ﬂ RemPrl/SJa"\/E + w 4
4 3,000-4,200 ' ko 177/195 90.76 90 ~ 96 4~10
c (% (D—iw> Re™Pri/3Ja/t + de—t /
i
5 4,800-6,000 0 179/195 91.79 72 ~ 88 12 ~ 28
) (O & /
6 6,600-7,200 ) 0 122/130 93.84 65 ~ 83 17 ~ 35
c (&) (D—AW> Re"Pri/3Jat/t + Ll
Pi L vt
d) In the middle period of the early frosting stage, Aw, AT and T,
4.0 simultaneously have important influence on the frosting process,
o t=600s which means the heat conduction effect of the cold plate is gradually
3.5 7 t=1,200 s fully reflected at this period. Cr of the new model simultaneously
t=2,400 s considering the important role of Aw, AT and T, reaches 84.61%,
3.0 4

t=3,000-4,200 s
*  t=4,800-6,000 s
t=6,600-7,200 s
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Fig. 10. Comparison between experimental and fitted frost thickness within
7,200 s.

analyzed, and initial, middle and developed periods of early frosting
stage are proposed in this study. The following conclusions could be
summarized.

a) Sensitivity analysis with surface and environmental factors consid-
ered shows that Aw, AT and T, are the key factors influencing the
frosting process. Proportions of these three factors for the early
frosting stage reach 39.42%, 35.58% and 21.15%, respectively.

b) New models with emphasis on the initial conditions of the frosting
process are developed. Crs of the new models reach 90.35% for the
whole frosting process and 83% for the early frosting stage, which
are increased by at least 8.86% and 15.28% than previous models,
respectively.

c) In the initial period of the early frosting, the interaction of Aw and AT
mostly reflect the frosting process, while the heat conduction effect
of the cold plate is not fully reflected. Cr of the new model consid-
ering the important role of Aw and AT reaches 81.53%, which is
increased by 10.41%~32.48% than previous models.

which is increased by 7.84%~17.03% than previous models.

In the developed period of the early frosting stage, the interaction of
Aw and T,, mostly reflects the frosting process. That means, the heat
conduction effect of the cold plate is fully reflected, while the effect
of AT was covered up. Cr of the new model considering the important
role of Aw, and T,, reaches 86.92%, which is increased by 7.63% than
previous models.
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Table 8
Model validation on the conditions of cold plate and round tube.
Period Deviation (%) Max Deviation (%) Mean Deviation (%)
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Initial 4.16 3.06 2.56 17.48 14.45 2.69 17.48 7.40
Middle 5.65 4.75 1.74 7.51 12 3.93 12 5.93
Developed 1.41 2.92 4.24 5.02 6.43 2.41 6.43 3.31
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