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ARTICLE INFO ABSTRACT

Keywords: This study investigates the heat and mass transfer of liquid droplets freezing in the process of artificial snow-
Evaporation making, and emphatically analyses the effects of droplet size, ambient temperature and relative humidity on
Cooling

the evaporative cooling and freezing of liquid droplets by establishing a theoretical model. On this basis, the
critical droplet size for snow-making under different environmental conditions is obtained, and the accuracy of
the droplet freezing model was verified by artificial snow-making experiments. Finally, by analyzing the density

Water droplet
Snow-making

g?:;l_zzon of artificial snow under different environmental conditions, the optimum gas-liquid mixing mass ratio (GLR)
RefrI:)i dissement suitable for snow-making is obtained. The results show that the liquid droplets could be frozen under the action

of self-evaporation and convection heat transfer with ambient. The time required for the droplet to be frozen
completely shows a positive correlation with ambient temperature, relative humidity and droplet size. In the
evaporation cooling stage, the droplet cooling rate increases with the decrease of ambient temperature, and in
the phase transition stage, the time for the droplet resists the latent heat of phase transition increases with the
increase of the droplet size. When the droplet size is smaller than the critical size for snow-making, the artificial
snow can be achieved at a maximum temperature of 3 °C. The snow density decreases with the increase of GLR.
And when the GLR is greater than 0.15, the snow density tends to be stable.

Gouttelette d’eau
Neige artificielle

1. Introduction

Skiing has become a popular sport as the economy has grown.
However, the subsequent increase in the demand for the snowfall cannot
be satisfied, due to the insufficiency and frequent fluctuation of the
snowfall in nature, which calls for a need to develop the artificial snow-
making create artificial snow. Many researchers have undertaken a
substantial number of studies on snowflakes, which are mainly focused
on three aspects. The first aspect is the impact of snow distribution on
the ecosystem, biodiversity, and natural catastrophes (Catherine et al.,
2013; Roy et al., 2010; Hoshino et al., 2010; Takeuchi, 2013). The
second aspect is the physical qualities of snow such as density, viscosity,
water content, porosity, structure, and so on (Lemmetyinen et al., 2016;
Brun et al., 2013), as well as optical properties such as reflectivity
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(Dadic et al., 2008; Tanikawa et al., 2002; Xie et al., 2006). The latter
aspect is related to the properties of snow crystals, such as their nucle-
ation and polymerization under various conditions (Liao and Ng, 1990;
Zepeda et al., 2001). Artificial snow-making is commonly realized in
four ways: (1) snow-making with compressed air, where water flows
through the nozzle and breaks down into small droplets, which are
subsequently cooled and consolidated in the surrounding air to form
snowflakes; (2) snow-making with high pressure water, where water
under increased pressure is misted into small droplets by the atomizing
nozzle and then these droplets are blown into the surrounding air to
form snowflakes; (3) snow-making with the cut ice, in which the ice
blocks are scraped with blades to make very thin ice sheets; (4) the ul-
trasonic technology is used to atomize droplets to form ice crystal, which
are combined with droplets again to promote the growth of ice crystals
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and eventually form snowflakes (Yamamoto, 1994).

Both of the first two methods of artificial snow-making use atomized
water, and a distinction between them depends on whether compressed
air is used. When compressed air is not used to assist the artificial snow-
making, the atomization needs to be completed by one-way flow nozzle
precipitation, which differs from two-phase flow air-assisted nozzles in
its weaker atomization effect and higher water consumption. In contrast,
when the compressed air is used for the artificial snow-making, it is
necessary to use the two-phase flow nozzles to atomize water, which
transforms the water into tiny droplets after being violently disturbed by
the compressed air in the mixing chamber inside the nozzle. After the
atomization, due to the heat exchange between the tiny water droplets
and the ambient cold air, and the heat loss caused by their own evap-
oration, the tiny water droplets freeze to form the ice crystals. When the
cut ice is used for the artificial snow-making, the ice cubes are cut into
very thin ice flakes by the ice cutter. The blown flaky snowflakes pro-
duced by this method are closer to the natural snowfall, but during the
snow-making process a large number of ice cubes are required, which is
inconvenient in practical applications. The ultrasonic assisted artificial
snow-making technology, which requires the ultrasonic standing wave
field to suspend the droplets, is not suitable for outdoor snow-making
environment. In addition, although the droplet size produced by ultra-
sonic spray can be controlled by adjusting the ultrasonic frequency, the
ultrasonic technology is mostly used for low-velocity fluids. It appears to
be more attractive in various applications such as humidifiers, medical
sprayers, spray drying and combustion (Filicicchia, 2012; Brice-
no-Gutierrez et al., 2015; Peskin Richard and Raco Roland, 1963; Wood
and Loomis, 1927).

The nucleation, growth and aggregation of ice crystals have been
studied experimentally by several researchers, meanwhile, the molecu-
lar dynamics method have been also applied to the study of ice crystal
growth (Hallett and Mason, 1958; Bones and Adams, 2009; Carignano
et al., 2006). Their study has revealed the kinetics and the time evolu-
tion of two freezing systems of pure water and brine. They have also
found that the total freezing time of the brine system is longer than that
of the pure water. Based on a large amount of data obtained by exper-
iments, Nelson (Nelson, 2001) have established a snow crystal growth
prediction model by estimating the diffusion field adjacent to the
growing snow crystal and combining various ice crystal growth data. In
addition, they have also studied and analyzed the growth process of flat
snow crystals and columnar snow crystals under different super satu-
ration at the same temperature below —22 °C. Evans et al. (Evans, 1973)
have studied the growth and fragmentation of ice crystals under an
electric field and concluded that the growth rate of ice crystals is
accelerated in the direction of the electric field.

The droplet freezing process of the artificial snow-making with the
atomization by nozzles is similar to the flash evaporation of droplets
(Wang et al., 2017). Miyatake et al. (Miyatake et al., 1981) conducted an
experimental research on the flash evaporation of the spray occurring in
a superheated water jet and have developed an empirical equation for
predicting the liquid temperature according to the effects of superheat,
flow rate and nozzle diameter on the flash evaporation of the spray.
Zhifu et al. (Zhifu et al., 2012) have presented an experimental inves-
tigation on the spray and thermal characteristics of flashing spray by
using the cryogen R134a. During their experiment, the spray charac-
teristics were measured by the Phase Doppler Particle Analyzer (PDPA),
and the experimental results provided a deep understanding into the
characteristics of two-phase flashing spray of volatile liquids. Satoh et al.
(Satoh et al., 2002) have studied the cooling/freezing process of water
droplet evaporation in a vacuum chamber, and the results have shown
that the water droplet could be effectively cooled by evaporation, and
the cooling rate was dominated by the heat transfer within the droplet.
Shin et al. (Shin et al., 2000) have also studied the freezing process of the
water sprayed into the vacuum chamber both experimentally and
theoretically. Fisenko et al. (Fisenko et al., 2006) conducted an inves-
tigation on the cooling process of micron-sized droplets evaporation at
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low-pressure. They have found that the cooling rate was 2 x 10% K/s
with the characteristic time of 1 ms, which was mainly affected by the
flow rates of the carrier gas and solution. Cheng et al. (Cheng et al.,
2015) have found that the flash evaporation of droplets has a great effect
on the heat transfer, which results from their well-established compre-
hensive mathematical model for the cooling of vacuum flash
evaporation.

The basic theory of artificial snow-making is based on the atomiza-
tion of liquid water into tiny droplets, which subsequently lower their
own temperature by heat loss, due to the evaporation and heat transfer
with the surrounding environment until they are completely frozen
before landing. During the process of the gas-liquid mixed artificial
snow-making, not only do both the heat exchange between the droplets
flowing out from the nozzle and the environment and the heat loss due
to the evaporation of the droplets need to be considered, but also the
distribution of droplets in the entire spray field and the environmental
conditions, such as temperature and humidity. Although the addition of
spoiler can make the snow-making spray field more stable (Li et al.,
2022), the size and shape of spoiler may bring inconvenience to the
movement of the snow-making machines. In addition to the above pa-
rameters, the size of the droplets that directly affects whether they are
frozen before landing requires a careful consideration. In a specific
ambient temperature and humidity, the freezing ability of the droplets
due to the heat loss caused by their own evaporation and the heat
transfer between the environment is limited. In this case, in order to
achieve a greater degree of droplet freezing, a smaller particle size of the
atomization droplet is required. Therefore, it is particularly important to
study the critical droplets that can be frozen under different environ-
mental conditions, which will directly determine whether artificial
snow-making could be realized.

To summarize, much work have been carried out on snow in terms of
natural climatic hazards, the microscopic morphology of ice crystals and
the physical properties of snow, but little study has focused on the
critical conditions for artificial snow-making based on heat and mass
transfer. To this end, in this paper, the heat and mass transfer in the
evaporation and freezing processes of a single droplet with different size
has been studied, and on this basis, the critical conditions for snow-
making under different temperature and humidity were analyzed,
which were further verified by artificial snow-making experiments.

2. Experiments and methods

Our study consists of two parts, the simulation of the evaporation
and freezing processes of a single droplet and experiments of artificial
snow-making. The simulation of the evaporation and freezing process of
a single droplet is carried out by establishing a mathematical model
through COMSOL software, which is based on the analysis of heat and
mass transfer in the evaporation and freezing processes of the droplet by
Wang et al. and Shin et al. (Wang et al., 2017; Shin et al., 2000). In the
artificial snow-making experiment, by intuitively observing whether
snow-making can be achieved under different conditions, the critical
snow-making condition based on mathematical model is further veri-
fied. At the same time, under the premise that snow can be made, the
relationship between the mixture ratio of different gas-liquid mass and
the snow-making density is studied.

2.1. Simulation of evaporative cooling and freezing of the single droplet

2.1.1. Model of the mass transfer

Fick’s law is usually used to express mass transfer during the evap-
oration process of water droplets. Due to the concentration gradient
between the droplet surface and the air, continuous evaporation takes
places at the surface of droplets. At this point, the mass loss of the
droplet is equal to the quantity of evaporation, which can be described
by Eq. (1),
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where, m is the evaporation rate of droplet, g/s; A, is the surface area of
droplet, m% M,, is the molecular weight of water, g/mol; C,;, Cy are
the vapor concentration at the surface of the droplet and in the air,
respectively, mol/m?; T,, and T, are the temperature of the droplet and
the air, respectively, K; p is the local absolute pressure, Pa; R is the
universal gas constant, 8.3145 J/(mol-K).

The saturated water vapor pressure in Eq. (3) can be obtained by an
empirical formula as follows (Edition, 2001),

In(p,) = %1+ e esT + T + esT> + coInT T > 273.15 K (4)
where, ¢;=5800.2206, K; c5=1.3914993; c3=0.048640239, K ~ 1;
c4=4.1764768 x 107°, K ~ 2, ¢5=1.4452093 x 1078 K ~ 3, ce=
6.5459673.

k. denotes the mass transfer coefficient, kg/s, which can be obtained
from the correlation of Sherwood number as follows (Bird et al., 2002),

sh= K 5 10 6Retse )
14
Sc=— 6
c D. (6)
Re — Pudwitta %)
"

where d, is the diameter of droplet, m; Sc is the Schmidt number; Re is
the Reynolds number; Dc is the diffusion coefficient of water vapor in the
air, m%/s; ug is the velocity of droplet, m/s.

The mass change of droplet can also be expressed by the change in
diameter, which is expressed as,

d(d,)
dt

(8

1
= dw2
m 2 Py,

According to Egs. (1) and (8), the diameter change caused by the

evaporation is converted into formula (9) as follows,

dd,)
dr

2M,,D,
p w dW

Sh(Cys — Cus) ©

2.1.2. Model of the heat transfer

When the water droplet diffuses in the cold air, the heat transfer
between the droplet and the environment is expressed as follows,
Cwmw% = Qc + de + QL (10)

The right side of the equation contains the terms for the sensible heat
change in the droplet, i.e. (from left to right), the convective heat
transfer (Q.), the absorption/emission of radiation (Qgrqq) on the droplet
surface, and the latent heat transfer of evaporation (Qp).

The convective heat transfer between the droplet and the ambient air
is calculated as follows (Whitaker, 1972),

Qz‘ = hCAW(Ta - Tw) (11)
ANu

h. = 1
a, (€H)

Nu =2+ 0.6RePr 13)
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where h, is the convection heat transfer coefficient of the droplet, W/
(mZ-K); Nu is the Nusselt number of the droplet, and Pr is the Prandtl
number of the air flow.

The absorption/emission of radiation at the droplet surface is
calculated in Eq. (14). However, it is not considered in this study, due to
the small temperature difference (4-8 °C) between the droplet and the
environment.

Orat = €,0A, (T = T?) 14

The latent heat transfer caused by the evaporation is expressed as
follows,
dm

Or =ri—-

dt as

The energy balance relationship Eq. (16) is obtained by combining
Egs. (10)-(15), and the change of droplet diameter over time is taken by
Eq. (17) by integrating Eq. (9).

1
6/) w

drT,,
dt

(dy) cw—" = ANu(T, — T,,) — M, D.Sh(Cys — Cyy0) (16)

4M,,.D,

(d)’ Sh(Cpg = Cued)1 + (dhwo)’ a7

By substituting Eq. (17) into Eq. (16), the relationship between the
droplet temperature and the other parameters is obtained according to
Eq. (18). Therefore, after some parameters are given according to this
relation, the range of the remaining variables is obtained.

1 4M,,D, 2] dT,
O e Sh(Cuvoo = Cus) 14 (do) ™|
= INu(T, — T,,) + M,DcSh(Cp0 — Cys) 11 18)

The initial droplet critical size d, o corresponding to the droplet in
the evaporative cooling link is given by Eq. (18). After the droplet has
been cooled down by evaporative cooling, the temperature of the
droplet from its initial temperature to freezing point, which corresponds
to a droplet size d, ;, after this, the droplet undergoes a freezing phase
transition process. Based on the initial critical size, the effect of the
latent heat of phase change on droplet freezing is considered as shown in
Eq. (19). Then, the freezing of the droplet at a given time is obtained by
combining Egs. (19)-(23). The specific process of droplet evaporative
freezing is shown in Fig. 1.

Amr, = Amry + hoA, (T, — T,)At (19)
Am, = éﬂpw {(du,,1)3 - (dw,2)3] (20)
Am = éﬂpw (dw,z)3 @n
(dyy) = —4A;”’é CSh(Chy = Crose)1 + (d)’ (22)
(d,2) = 74"?9 S(Cys — Cyod) At + (dys) (23)

Here, Am denotes the mass of the frozen droplet, kg; r, denotes the heat
of phase change of freezing, kJ/kg; Am, denotes the mass of the droplet
which continues to evaporate from freezing point to complete freezing,
kg; r; denotes the latent heat of evaporation, kJ/kg; dy1 denotes the
droplet size in the evaporative cooling stage before the freezing phase
change stage, m; d,» denotes the size of the droplet when it is
completely frozen, m.

2.1.3. Methods and details of the simulation
The following main assumptions were used in this study to simulate
the evaporative cooling and freezing processes of the single droplet: (1)
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Fig. 1. Schematic diagram of the evaporative freezing process of water drop.

Because the research object is a single droplet, the environmental area is
much larger than the single studied droplet area, the evaporation of the
droplet leads to a small amount of water vapor entering the environment
and does not affect the water vapor concentration of the surrounding
environment. Therefore, the effect of single droplet evaporation on the
water vapor concentration of the surrounding environment can be
ignored (Wang et al., 2017). (2) Although the droplet is not a perfect
sphere in the actual evaporation and freezing process, the droplet at the
micron level is affected by the surface tension, and the droplet always
maintains an approximate sphere. Here we assume that the droplet is a
perfect sphere (Beard et al., 2010). (3) Since the droplet size is
micron-sized, the maximum temperature difference between the droplet
and the environment is only 8 °C, and the heat transfer by radiation is
very small, so the radiation between the droplet and the surrounding
environment can be ignored.

The determination of mesh independence is an important step in
numerical simulation. It is well known that the coordination of nu-
merical analysis results depends on the mesh size. Therefore, it should
be shown that the results are independent of the grid in all CFD studies
(Selimefendigil et al., 2021; Das, et al., 2020). In order to obtain a better
grid quality scheme, this study numerically simulated three different
grid sizes shown in Fig. 2. Among them, grids 1, 2 and 3 correspond to

+—

- = Grid 1
- = Grid 2
— = Grid 3

—]

(]
o e — e — —

Temperature of water droplet (°C)

W e, - — - - -
R . T tm. = - -~ \
2} AN
\
\
\
4} W
. A . A . A . [ WRY
0 005 010 015 020 025 030 035
Time (s)

Fig. 2. Grid independence analysis.
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the number of grids of 77,386, 101,328, 131,476, respectively. By
comparing the droplet temperature changes under the conditions of T,
= —4 °C and RH = 20%, the best quality grid scheme is obtained. The
same overall trend of temperature change is obtained by analyzing
different grid schemes. Compared with grid 2 and 3, the maximum
temperature offset of grid 1 is 0.7 °C. With the increase of the number of
grid units, the results of grid 3 are consistent with those of grid 2, but the
calculation time increases with the increase of the number of grids.
Therefore, the scheme of grid 2 was adopted to set the grid refinement
level of the air domain as normal, and the grid refinement level of the
inside of droplet and interface between droplet and air was set to be
finer, which ensured the accuracy of the results and reduced the calcu-
lation time to a greater extent. In order to make the inside of droplet and
interface between droplet and air had better mesh quality, the mesh of
the interface between gas and liquid was encrypted. The number and
size of the grids in the air domain, the inside of droplet and the
droplet-air interface are shown in Table 1. Fig. 3 shows the physical
model of the water droplet and the generated mesh.

COMSOL Multiphysics is used to simulate the cooling and freezing
processes of the water droplet. According to the physical phenomena
involved in this study, three physical modules were selected, namely
laminar flow, dilute material transfer, and fluid heat transfer. For the
calculation of the thermophysical properties of the wet air, the fluid heat
transfer module in COMSOL was used for the setup (Tsilingiris, 2008),
where the initial values of the air domain and droplet parameters were
first set and solved by coupling the heat transfer and fluid modules. The
equations used for the coupling calculation are as follows,

di
p = pF — VP + pVu

24
7 @4
V(u)=0 (25)
Table 1
Grid division scheme.
Parameters Maximum Minimum Curvature Grid Mesh
name unit size unit size factor Numbers quality
The interface 3.7 x 107° 4x107° 0.4 864 0.9063
between
droplet and
air
Inside the 37x10° 4x10° 0.4 2894 0.6773
droplet
Air domain 67 x107° 2x107° 0.6 97,570 0.6591




B. Liu et al. International Journal of Refrigeration 149 (2023) 155-167

T T
[ AT AVAVAVAVAVAVAYAYAVAY]

\y' )
'.‘\"',\

"“l

Fig. 3. Physical model of water droplet and mesh. (a) Physical model of one water droplet; (b) Mesh generated by COMSOL.
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(28) follows:

The boundary conditions of inlet and outlet in the simulation are as

= —IV-T
K The inlet boundary conditions,
p="0ip, +6p, (29 u = const
:l 9 1) L 6(1_m 30 Ty = const
C, /)( 1P Cp1 + zPZCp,z) + Lo or (30)
The outlet boundary conditions,
o = 100y =01, 1)
" 2 01p1 -+ 02!’2 —nq= 0
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Air compressor : flowmeterse %
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Fig. 4. Schematic diagram of the experimental setup.
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—n-D.-Ve =0 (37)
Here, p is fluid density, kg/m3, u is fluid velocity, m/s, F is force, N, u is
dynamic viscosity, mz/s, ¢ is concentration, mol/ms, D, is diffusion
coefficient, m?/s, R is gas constant, J/(mol-K), p; is air density, kg/rn3,
Cp is fluid constant pressure heat capacity, kJ/(kg-K), 4 is air thermal
conductivity, W/(m-K), oy, is mass fraction, ki, k3 is thermal conduc-
ti\;ity, W/(m-K), p1, p2 is the density of liquid phase and solid phase, kg/
m”.

2.2. The experiment of artificial snow-making

The schematic diagram of the experimental device is shown in Fig. 4,
including the aerodynamic part, the hydrodynamic part, the data
acquisition part and the snow making nozzle. The artificial snow-making
nozzle uses the gas-liquid mixed atomization method to manufacture
tiny droplets, the size of droplets after atomization is closely related to
the mixing state of gas-liquid two-phase fluid in the nozzle cavity.
Therefore, the gas-liquid mass mixing ratio is set as the variable. In the
internal mixing chamber of the nozzle, the compressed air was mixed
with the liquid and tiny bubbles of gas were formed during the mixing
process. In the mixture, the tiny bubbles expanded and the liquid broken
up into flakes, strips and tiny droplets at the outlet, thus the atomisation
effect was achieved (Sovani et al., 2001; Davanlou et al., 2015). The gas
expansion leaded to the lower outlet temperature. If the ambient tem-
perature was low, the water drop near the nozzle was easy to freeze, so
the insulation cotton and electric heating were used on the pipeline and
around the nozzle to prevent the icing phenomenon on the nozzle and
pipeline. The nozzle structure is shown in Fig. 5.

On the premise that snow can be made, the influence of gas-liquid
mixing ratio on snow-making was studied. The premise condition of
the snow-making was obtained by numerical simulation and verified by

Mixing nozzle

Needle

Fig. 5. The structure of mixing nozzle.
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snow-making experiments. Finally, the snow density of snow making
was analyzed by comparing different gas-liquid mass mixing ratio, and
the best gas-liquid mass ratio was obtained.

When the gas and liquid entered the mixing chamber of the
gas-liquid mixing nozzle, the mixing and shredding processes of gas and
liquid affected the quality of the first-level atomization (Matous et al.,
2017; Moon et al., 2020). In addition, the mixing ratio of gas and liquid
shown in Eq. (38) directly affected the particle size of droplets in the
spray field.

_ qma

qm,

GLR (38)

where, the GLR is the ratio of mass mixed gas to liquid, gm 4 is the mass
flow of compressed air, kg/s, and gy, is the mass flow of water, kg/s.

The experiments were carried out under the conditions of com-
pressed air pressure of 0.6 MPa and ambient humidity of 25+5%, and
the effects of the ambient temperature, gas-liquid mixing ratio (GLR),
and snowfall distance on the density of artificial snow were studied in
the experiments. The calculation formula of snow density is shown in
Eqg. (39). The phenomenon of water or gas pouring occurs when the
pressure difference between the gas pipeline and the liquid pipeline of
the gas-liquid mixing nozzle is larger than the maximum permitted
pressure difference of nozzles. When the air pressure exceeds the hy-
draulic pressure, the gas reverses into the liquid pipeline, obstructing the
flow of water. So, in extreme instances, gas can block the liquid stream.
A similar phenomenon occurs when the liquid pressure exceeds the gas
pressure. In order to avoid this phenomenon, the gas and liquid pipeline
were firstly open, and then the liquid (gas) pipeline pressure were
increased or decreased. The pressure sensor with accuracy of 0.065%,
which was installed in front of the inlet of the nozzle gas and liquid
pipeline, was used to accurately record the gas and liquid pressure. By
observing the gas-liquid pressure difference between the water pouring
and the air pouring, the maximum allowable pressure difference of the
gas-liquid internal mixing nozzle of 0.3 MPa was obtained.

10
_ Zi:]Mi

" 10mnh,

Ps (39)

where, p, is the snow density, kg/m>, M; is the mass of the snow samples
measured each time, kg. m and n are the side length of the snow samples,
m, and h, is the height of the snow samples, m.

3. Results and discussion
3.1. Evaporative freezing time of water droplets

Fig. 6 shows the temperature variation of water droplets at different
ambient temperatures. As the ambient temperature decreases, the time
required for the water droplets to be cooled from 4 °C to —5 °C shortens
significantly. The droplet temperature changes can be divided into three
stages according to the temperature behavior: rapid evaporative cooling
of first stage, phase transition phase of second stage, refreezing and
cooling phase of third stage. In the first stage, the evaporative cooling
rate of the droplet increases with the decrease of ambient temperature,
and as the droplet temperature decreases, the phase transition occurs in
the second stage. During the stage of the freezing phase transition, the
temperature of droplets is nearly constant due to the interaction be-
tween the latent heat generated by the freezing of the droplet and the
heat transfer caused by the convection and evaporation. At this point the
constant temperature maintained by the droplets is known as the
freezing point. When the heat loss caused by the convection and evap-
oration is more than the latent heat generated by the freezing, the
temperature is no longer constant and continues to drop in the third
stage. Moreover, when the convective heat transfer and evaporation are
stronger, the generation of latent heat by freezing phase transition only
weakens, but the latter effect cannot stop the drop in droplet
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Fig. 6. Evaporative freezing time of water droplets at different ambient temperatures (the relative humidity: 20%, Initial droplet temperature: 4 °C, air speed: 2 m/s,

initial diameter: 100 pm).

temperature. After the latent heat of the freezing phase transition of the
droplet is offset, the temperature of the droplet continues to decrease
due to convection and evaporation, but the rate is smaller compared to
the initial evaporation stage (Shin et al., 2000; Kim et al., 2001).

With the increase of ambient temperature, the heat transfer between
the droplet and the environment is limited, the time required to transfer
the latent heat by the droplet during the freezing is prolonged. As a

4°C

2°C

0°C

0.25s

05s 0.75s

result, it takes longer time for the droplets to reach the freezing state. At
the ambient relative humidity of 20% and ambient temperatures of —4
°C and 4 °C, the time required for the droplets to reach —5 °C is 0.368 s
and 1.52 s, respectively. Fig. 7 shows the phase transition process of the
droplet at different times, with the initial state of liquid phase (1) and
eventually reaching the solid phase (0). In comparison with rapid
evaporative cooling stage and refreezing and cooling phase stage, the

Phase indicator

) . / / 1
@ | ) 0.9
0.8
, ) 10.7
(s | o
10.5
10.4
10.3
10.2
0.1

Xk

1.25s

&

\ /

1s 15s

Fig. 7. Phase transition state of droplets at different ambient temperatures versus time (the relative humidity: 20%, initial droplet temperature: 4 °C, air speed: 2 m/

s, initial diameter: 100 pm).
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phase transition stage of the droplet takes the longest time, and the
boundary of liquid-solid transition obviously changes with time. In
particular, with the decrease of ambient temperature, the time required
for the phase transition stage becomes shorter, whereas the solid pro-
portion of droplets at the same time obviously becomes larger. When the
ambient temperature is 2 °C and —4 °C, the time interval for the droplets
to freeze into the solid state is 1.25 — 1.5 s and 0.5 - 0.75 s. Afterwards,
the phase state of the droplets does not change with time. Through the
above analysis of the temperature variations and phase variations of the
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droplets, the feasibility of artificial snow-making under theoretical
conditions for different environmental conditions can be determined
theoretically.

The diameter of droplet is also an important factor to be considered
in the artificial snow-making, due to it is negatively correlated with the
specific surface area of droplet, which directly affects the heat and mass
transfer between the droplet and the environment. Under the same
ambient temperature and humidity, the temperature variation of drop-
lets with different diameters over time are consistent with the results of
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Fig. 8. Changes of temperature and phase transition during the evaporative freezing of droplet with different diameters (The ambient temperatures of a and b are 4
°C and —4 °C, and the relative humidity is 20%, the initial temperature of the droplet is 4 °C).
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B.S. Kim et al. (Shin et al., 2000; Kim et al., 2001) as shown in Fig. 8.
When the ambient temperature is 4 °C and the time is 1.5 s, only the
droplets with the diameter of 100 pm undergo complete phase transi-
tion, the coexistence phenomenon of ice and water is shown in the
droplets with other diameters, the percentage thresholds of liquid phase
for droplets with diameters of 200 pm, 300 pm, 400 pm and 500 pm are
0.64 - 0.84, 0.82 - 0.96, 0.88 - 0.98 and 0.91 - 0.99 respectively. In the
first stage (evaporative cooling stage), the cooling rate decreases with
the increase of diameter, and the temperature in the second stage (phase
change stage) all show approximately constant values, but for droplets
with the diameter of 100 pm, the temperature still tends to decrease
slowly. This is due to the fact that the droplets with smaller diameters
have a larger specific surface area, which leads to the more effectively
heat transfer with the environment. At this time, the heat released by the
phase transition is less than the transferred heat. In contrast, the droplets
with larger diameters have the smaller specific surface area but greater
mass, the latent heat released by phase transition is greater than the
transferred heat, so it takes a longer time to offset this part of latent heat,
resulting in the second stage (phase change stage) lasts long enough, as
shown in Fig. 8(a).

When the ambient temperature is —4 °C, the diameter of the droplets
in which complete freezing occurs also becomes larger, as shown in
Fig. 8(b), and the cooling rate of the first stage (evaporative cooling
stage) is higher than that of the first stage when the ambient temperature
is 4 °C. Only the droplets with diameters of 100 pm and 200 pm undergo
the complete phase transition, while the droplets with diameters of 300
pm, 400 pm and 500 pm remain in the ice and water coexistence state,
with the percentage thresholds of liquid phase are 0.14-0.34, 0.4-0.6
and 0.55-0.73 at 1.5 s respectively. By comparing Fig. 8(a) and Fig. 8(b),
it can be seen that the phase states (proportion of ice water) at the same
time are different for the droplets with same diameter under different
ambient temperatures. When the diameters of droplet were 300 pm, 400
pm and 500 pm, the threshold values for the percentage of liquid phase
in the ice-water coexistence state were reduced by 0.65 + 0.03, 0.43 +
0.05 and 0.31 + 0.05 compared to the ambient temperature of 4 °C. As
shown in the phase transition diagrams of the droplet (Fig. 8(a), Fig. 8
(b)), the freezing of the droplet develops gradually from the surface to
the center (Satoh et al., 2002), and the proportion of the liquid phase in
the front is smaller than that in the rear during the flight of the droplets
in the state of coexistence of ice and water. Noted that the right side of
the droplet is the front side, since the heat transfer of the front end is
greater than that of the rear side, the distribution of the phase ratio
between the left and right side of the droplet is inconsistent during the
flight. In summary, reducing the ambient temperature is obviously the
most direct way to make the droplet be frozen completely. However, due
to the great uncertainty of environmental factors in actual outdoor
snow-making activities, it is necessary to determine the critical size that
can be frozen in different environments.

3.2. Critical diameter of droplet for snow-making

According to Eq. (18), the heat and mass transfer processes of water
droplet depend on many parameters, such as initial temperature and
diameter of droplet, ambient temperature and relative humidity,
allowed time for snow-making, etc. If a part of these parameters is
selected as the constraint conditions for the design of snow-making
devices, the feasible region of other parameters can be obtained by
Eq. (18). Fig. 9 shows the critical diameter of the droplets frozen by
evaporation in the process of spraying at different ambient temperatures
and humidity. On this basis, the change of droplet size in the diffusion
process before landing was calculated in conjunction with Egs. (19)-
(23), and the possibility of droplet freezing was further analyzed. Fig. 10
shows the mechanism of the freezing phase of the droplet.

After assuming the time of the evaporative cooling, the critical par-
ticle size is obtained by the assistance of Eq. (18), as shown in Fig. 9. In
the analysis process, the total time for the droplet leaving the nozzle
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Fig. 9. Critical diameter of water droplets for snow-making.

until landing was assumed to be 3 s, and whether the droplet was frozen
when it reached the ground was judged by solving the energy conser-
vation equation of the evaporative cooling and the droplet freezing
stages. In the droplet freezing stage, when the droplet temperature is
lower than the ambient temperature, the freezing phase change heat and
convective heat exchange of the droplet would weaken its cooling. At
this time, the heat taken away by the evaporation should be greater than
the first two, otherwise the droplet cannot cool down to the freezing
temperature, as shown in Fig. 10, B1, B2. When the droplet temperature
is higher than the ambient temperature, the heat taken away by the
convective heat transfer and latent heat of evaporation makes the
droplet cool down faster, while the heat of freezing phase change
weaken the droplet cooling, and when the cooling amount of first two is
greater than the heat of freezing phase change, the droplet would be
frozen, as shown in Fig. 10, A1, A2. Another situation is also possible
when the droplet temperature is higher than the ambient temperature.
After the convective heat transfer and latent heat of evaporation have
firstly reduced the droplet temperature below the ambient temperature,
the convective heat transfer and heat of freezing phase change weaken
the droplet cooling again, and at this point the superimposed process of
Al and B1 is shown in Fig. 10.

Fig. 11 shows the critical diameter of the droplet at different relative
humidity (Fig. 11(a)) and ambient temperature (Fig. 11(b)). At the same
ambient temperature, the critical diameter of droplets for snow-making
decreases with the increase of relative humidity, and the higher the
ambient temperature, the greater the effect of relative humidity on the
critical diameter. At the same relative humidity, the critical diameter of
droplets for snow-making decreases with the increasing of ambient
temperature, and the decrease trend is more obvious with the increase of
relative humidity. The changes in the relative humidity and air tem-
perature affect the strength of droplet evaporative cooling and convec-
tion, both of which have a significant effect on the critical diameter of
the droplets. When the ambient temperature or relative humidity is
higher, the evaporation and convection heat transfer of droplets are
limited, so the heat generated by the droplet freezing can not be trans-
ferred in time, thus resulting in a smaller critical diameter for snow-
making. As a result, snow-making equipment with a high atomisation
capacity is required so that the appropriate size of droplets can be
produced by equipment according to the ambient temperature and
humidity.

For the droplets of the same diameter, the amount of heat loss
required for complete freezing is fixed and the source of the heat loss is
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Fig. 10. Diagram of the freeze-phase transition mechanism of water drop.
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mainly the convective heat transfer between the droplets and the envi-
ronment and the self-evaporation of droplets, when the ambient
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Fig. 12. The verified theoretical threshold value for artificial snow-making at
different ambient temperatures and humidity.
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temperature is lower, the convective heat transfer between the droplet
and the environment is enhanced, so the heat loss demand of the self-
evaporation is relatively reduced. In other words, the complete
freezing of droplets can be achieved under the relatively low ambient
temperatures and high humidity conditions, as shown in Fig. 12
(ambient temperature —4 °C, relative humidity 53%). In contrast, at
relatively high ambient temperatures, the complete freezing of droplets
can only be achieved by controlling the relative humidity at the low
values (ambient temperature 3 °C, relative humidity 25%).

As can be seen from Fig. 12, the artificial snow-making is only ach-
ieved in the area below the critical snow line, in which the droplet
diameter is 500 pm, the relative humidity is 53% and the ambient
temperature is —4 °C, this is due to the fact that there is a critical droplet
size for different temperatures and humidity levels, and in the actual
snow-making process, once the droplet size is larger than the critical
size, the droplets cannot be completely frozen to form snowfall. When
the droplet diameter is 500 pm, the critical environmental conditions for
that the artificial snow-making can be achieved are shown in Fig. 12. It
can be seen that the snow can be made at both low ambient tempera-
tures and high relative humidity (T,= —4 °C, RH = 53%) and high
ambient temperatures and low relative humidity (T, = 1 °C, RH = 25%).
In addition, the low temperature and low humidity environment, which
provides a large driving force for droplet evaporation and freezing, is
very conducive to artificial snow production. Under the condition of T,
= 3 °C, RH = 25%, we also achieved artificial snow-making, although it
exceeded the calculated lower limit of critical temperature and humidity
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(Ta = 1 °C, RH = 25%) corresponding to the freezing of droplets (D =
500 pm). This is due to the fact that the droplets formed by atomisation
are smaller than 500 pm by adjusting the nozzle gas-liquid mixing state.
When the droplet diameter is smaller than the freezable diameter cor-
responding to the environment, the lower limit of ambient temperature
and humidity at which the droplets can be frozen will be further
enlarged. However, once the droplet size is larger than the critical size,
the droplets cannot be completely frozen to form the snowfall. There-
fore, in order to achieve snow-making, it must be carried out in a lower
ambient temperature and humidity, otherwise it will lead to snow-
making failure. In summary, based on the temperature and humidity
corresponding to snow-making, the artificial snow-making can be ach-
ieved as long as the droplet size is lower than the critical droplet size,
which fully validates the accuracy of the critical droplet size for snow-
making.

3.3. Optimal snow-making experimental research based on snow density

In artificial snow-making, the gas-liquid mass mixing ratio is the
most direct reaction to gas-liquid mixing state in the mixing chamber of
two-phase flow nozzles, which also directly affects the droplet size
(Sovani et al., 2001). For the same type of snow-making nozzles, it is
necessary to adjust the gas-liquid mixing state (gas-liquid mixing mass
ratio) inside the nozzle, so the droplet size is small enough to accelerate
the heat transfer from droplet, which results in the form of tiny ice
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crystals for freezing to obtain high quality artificial snow. Fig. 13 shows
the relationship between the density of artificial snow and the gas-liquid
mass mixing ratio under different environmental conditions, it can be
seen that at different ambient temperatures and air-liquid mass mixing
ratios, the snow density decrease with the increase of snowfall distance.
There are two reasons for this phenomenon, on the one hand, the size of
droplets produced by artificial snow-making machine is uneven, the
larger droplets land closer to the snow machine due to the greater flight
resistance and gravity. The smaller droplets fly farther and fall farther
with the airflow, so the snow is less dense at a distance and the foggy
snow can be seen far from the snow-making machine. On the other hand,
during the flight process of droplets, the differences in size and flight
speed leading to the collision of droplet., When the aerodynamic effect is
less than the surface tension, the droplets can not break through the
steady state and the droplet aggregation forms, so the droplet size
become larger at this time, and the droplet size gradually decreases with
the increase of the flight distance, resulting in a gradual decrease in the
snow density with the increase of the distance.

The droplet diameter shows a negative correlation with the gas-
liquid mixing mass ratio (Sovani et al., 2001; Matous et al., 2017),
which is consistent with the variation of snow density with the
gas-liquid mass mixing ratio, as shown in Fig 13(d). It can be seen when
the gas-liquid mixing ratio of 0.05, the snow density is 1000 kg/m?, this
is due to the gas-liquid mass mixing ratio is small, the nozzle atomization
effect is poor, and the heat loss of droplets caused by self-evaporation
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Fig. 13. Variation of snow density with the gas-liquid mixing ratio at different distances (The water temperature is 4 °C, the ambient temperature for a tod is -2 °C,
—0.5 °C, 1 °Cand 3 °C, respectively, the relative humidity is 25+5%, and the compressed air pressure is 0.6 Mpa).
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and convective heat transfer is limited, so the droplet finally exists in the
form of ice and water mixture. In summary, in order to realize artificial
snow-making, it is necessary not only to consider the influence of
environmental factors on the evaporative cooling and convective heat
transfer of the droplets, but also to strictly control the size of the droplets
during the process of artificial snow-making.

The mentioned snow density in this paper refers to fresh snow.
Which is relatively soft and does not undergo long-term gravity
compaction and wind action. The density of fresh snow placed at night
will increase with the action of gravity compaction and wind (Vivian
et al., 2007; Pomeroy et al., 1998). The ski resort will use the snowcat to
compact the fresh snow, or make the fresh snow completely solidified
and hardened by placing it for a long time. Combined with the Fig. 13,
under the same relative humidity, the higher the ambient temperature,
the greater the snow density value. When the ambient temperature is
lower than 0 °C (T, = —0.5 °C, —2 °C), the maximum snow density is
300 kg/m°>. When the ambient temperature is higher than 0 °C (T, = 1
°C, 3 °C), the maximum snow density is 413 kg/m°>. From the perspec-
tive of improving snow-making quality and saving energy, in order to
make more liquid droplets could be frozen into ice crystals to form
snowfall under the condition that the temperature and humidity satisfies
the snow-making requirements. When the snow-making ambient tem-
perature is enough low, the GLR can be set to 0.05. On the contrary,
when artificial snow is made above 0 °C, if the GLR is greater than 0.15,
the density of snow tends to be stable with the increase of GLR. There-
fore, the GLR of 0.15 can be used as a reference value, and GLR can be
gradually reduced in combination with snow density. Note that when
GLR is small (GLR = 0.05, T, = 3 °C), snow and water coexistence oc-
curs. Therefore, when the ambient temperature is enough low, the GLR
less than 0.10 is appropriate, which corresponds to higher snow density.

4. Conclusions

In this study, the evaporative cooling and freezing phase transition
processes of a single water droplet, which are considered as the first and
second stage of artificial snow-making are investigated. The effects of
relative humidity, ambient temperature, initial diameter on the freezing
of water droplets is analyzed in detail. Moreover, the appropriate range
of parameters for artificial snow-making is obtained. At the same time,
the optimum air-liquid mass mixing ratio suitable for artificial snow-
making is also obtained. The main conclusions are summarized as
follows:

(1) The maximum diameter of water droplets allowed for artificial
snow-making increases with the decrease of ambient temperature
and relative humidity. Through the droplet phase transition
process and droplet cooling curve, we have found that the droplet
can be frozen when the relative humidity and the diameter of
water droplets are limited within the suitable ranges.

During the cooling and freezing processes, the trend of temper-
ature change of water droplet is almost the same. In particular,
with the increase of ambient temperature, the cooling time of
water droplets increases. The relative humidity has a greater ef-
fect on the cooling of droplets than ambient temperature.

The snow density increases with the decrease of GLR under the
premise that snow can be made. The GLR is 0.05 corresponds to
higher snow density. The overall snow density at ambient tem-
peratures above 0 °C is greater than that below 0 °C. When GLR is
greater than 0.15, the snow density tends to be stable.
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